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Seeking Science Standards 


GREAT CONCERN HAS BEEN VOICED FOR AT LEAST 30 YEARS ABOUT THE SAD STATE OF U.S. PRIMARY 
and secondary education in mathematics, science, engineering, and technology, but little 
real progress has been made. The most recent findings from the U.S. Department of Educa- 
tion brought no optimism. In 2005, 32% of all U.S. fourth-graders and 41% of eighth-graders 
scored below expected achievement levels in science. Nearly 30% of entering college stu- 
dents needed remedial science and math courses. However, we are at a moment in U.S. his- 
tory to finally address one cause of the problems, and the scientific community needs to help 
capture this unique opportunity. 

The many national commissions and studies of science education in the past three decades 
have consistently identified the same two issues and potential remedies: a need for much 
better-prepared math and science teachers and for a clear statement of learning goals for 
science that are the same across the United States. The consistency 
would remove some of the disadvantages faced by students in states 
with less rigorous standards, and it would ease students’ mobility 
across state boundaries. It would also help the United States develop 
robust curriculum and assessment materials and prepare teachers 
who understand the science to use such tools to help students reach 
the standards. Nearly all of America’s competitor countries have 
national science education standards and score much higher on inter- 
national science achievement assessments: U.S. 15-year-olds ranked 
21st among students in 30 developed nations in science on the 2006 
Programme for International Student Assessment. 

Efforts are now under way that can move the United States toward 
what are often referred to as “common, internationally benchmarked, 
state-approved standards.” In March 2010, the National Governors 
Association and the Council of Chief State School Officers (CSSO) 
released a draft of Common Core State Standards for English-language arts and for mathemat- 
ics. This was followed in April by a call for state assessment systems based on those common 
standards. Because education in the United States is the responsibility of individual states, with 
the federal government providing vision and support but not control, this historic call by state 
leadership for common standards and assessments is momentous indeed. But science educa- 
tion has been left out of this public agenda for standards development. Fortunately, there is a 
major privately funded, common science education standards development effort taking place. 
The Carnegie Corporation of New York has funded the U.S. National Academy of Sciences 
(NAS) to develop a framework for such standards, and then, through work with the educational 
nonprofit organization Achieve, the standards themselves. The American Association for the 
Advancement of Science (AAAS) will play a supporting role in both efforts. 

But the private effort to develop common standards can only be effective if the scientific 
community mobilizes to support it. This help is needed in at least three major ways. State and 
local education leaders need to hear now from the scientific community about the need for a 
common and coherent set of science education standards. Such urgings should be directed at 
state and local school boards, CSSOs, and state legislators who may ultimately rule on the use of 
these standards. Scientists must also participate in the standards development process. The first 
broad call for their contribution will come from NAS and is expected this summer, when com- 
ments will be sought on a draft framework. Once states agree on common science standards, 
scientists should help schools and teachers implement them, as many educators will have to 
learn new content, and they will need the help of scientists to support student learning. 

A unique time has arrived for achieving the long-needed goal of common, state-level sci- 
ence education standards in the United States, a core component of effective science education 
reform. But we can only capture this opportunity if the scientific community steps up as a vocal, 
energetic advocate for common standards, while also becoming an active partner in the develop- 
ment and implementation processes. — Alan I. Leshner, Shirley Malcom, Jo Ellen Roseman 

10.1126/science.1192334 
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CLIMATE CHANGE RESEARCH 


A bite out of 
CDC's budget? 


Arduous Expedition to Sample 
Last Virgin Tropical Glaciers 


JAKARTA—For 25 years, Lonnie Thompson 
has longed to take a field crew to Papua, 
home to the only tropical glaciers west of 
the Andes and east of Mount Kilimanjaro. 
The glaciologist at Ohio State University’s 
Byrd Polar Research Center (BPRC) in 
Columbus wants to retrieve ice from Pun- 
cak Jaya, a mountain in Indonesia’s Papua 
Province, to glean insights into ancient cli- 
mate and compare cores with records from 
the handful of other tropical glaciers. Next 
week, Thompson will get that chance—and 
not a moment too soon, as Papua’s glaciers 
are almost gone. “The ice is melting very 
fast,” says team member Dodo Gunawan, 
a climatologist at Indonesia’s Agency for 
Meteorology, Climatology, and Geophysics 


Vanishing act. In a January 
aerial shot of Puncak Jaya 
(above), Northwall Firn is upper 
right and Carstensz is lower 
right. Close up, Northwall Firn 
appears severely ablated. 


(BMKG). “It’s a race against time.” 

Puncak Jaya is perched at a critical spot 
in the global climate system: the western 
edge of the Pacific Warm Pool, which pumps 
more heat into the atmosphere than any other 
source on Earth. Gas bubbles, chemical com- 
pounds, and organic matter trapped in the ice 
should offer a window into past cycles of the 
El Nifio—Southern Oscillation (ENSO), the 
periodic warming of tropical Pacific waters 


that wreaks havoc on climate, and on its 
capricious twin, La Nifia, which brings cooler 
water. The ice should also provide clues into 
past ocean circulation and the Australasian 
monsoon rhythms. 

The Papua project poses daunting logisti- 
cal challenges, and the payoff is far from cer- 
tain. It’s unknown, for instance, how far back 
in time the Puncak Jaya climate record runs. 
What is clear is that this is the last chance to 
get useful data from Papua, says Thompson, 
whose team includes colleagues from BPRC, 
Columbia University’s Lamont-Doherty 
Earth Observatory, and BMKG. “Once the 
glaciers melt, the history in the ice will be 
gone forever,” he says. 

Papua is the final terra nova in tropical gla- 


ciology. Thompson’s team has hauled back 
ice from the other comparable glacial fields: 
Kilimanjaro’s summit in Tanzania and sev- 
eral locations in the Peruvian Andes, includ- 
ing one that last year produced a record 
195-meter-long core. The Papua ice should 
complement the Andes record, he says. 

The expedition kicked off this week with 
an arduous and risky 2-day trek through rain 
forest, home to the Free Papua Movement, 


O&A with 
Francis Collins 


a long-running insurgency. The team will 
acclimate at a base camp some 4200 meters 
above sea level. Then drilling will commence 
at Carstensz glacier, 4884 meters high, and 
nearby Northwall Firn glacier. They plan to 
drill six cores down to bedrock. 

Since photographic records began in 
1936, the Puncak Jaya glaciers have beaten 
a steady retreat, punctuated by a brief expan- 
sion from 1997 to 2000. Since then, losses 
have accelerated. Comparing photos from 
Puncak Jaya last year and fresh ones from 
his advance team, Thompson says “the dif- 
ference is absolutely amazing. There’s a clear 
and present danger of decapitation,” or loss of 
more recent data to melting. 

Another unknown is the age of the Pun- 
cak Jaya ice. Kilimanjaro’s ice cap, a mere 
50 meters thick, goes back 11,700 years, into 
the last Ice Age. But that ice is more than a 
kilometer higher than Papua’s glaciers. One 
discouraging possibility is that Puncak Jaya’s 
ice began to accumulate only after the Medi- 
eval Warm Period ended several hundred 
years ago, Thompson says. 

One challenge will be to get 
the cores back intact. Unlike 
treks in the Andes or Kiliman- 
jaro, the team in Papua must 
make do without pack animals 
or porters. But they are get- 
ting crucial support from PT 
Freeport Indonesia, a company 
that operates a gold and copper 
mine near Puncak Jaya. The 
company will ferry the drilling 
equipment to the site by heli- 
copter and then whisk chest 
freezers full of cores back to 
Tembagapura, a town half- 
way up the mountain, where 
they will be kept in an indus- 
trial-sized food locker before 
a series of flights gets them to 
Ohio for analysis. “If it wasn’t 
for this city in the clouds, I don’t know how 
we'd get the cores back,” Thompson says. 

Back in Ohio, the team will use a variety 
of techniques to date and analyze the ice. The 
first thing they will look for is radionuclides 
dispersed by Soviet atom bomb tests in the 
early 1960s. But even on Kilimanjaro, abla- 
tion had stripped away a half-century of ice 
by 2000. Volcanic dust could peg layers to 
massive eruptions of Mount Tambora in 1815 
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and Krakatau in 1883. Another possibility is 
to radiocarbon date insects and plants in the 
ice. And oxygen-18 levels can be compared 
with well-calibrated cores from Antarctica 
and Greenland. Gas concentrations are linked 
to regional temperatures and thus will be vital 
clues to past climates and the shifting cur- 
rents of La Nina and El Nifio. Core data may 
also serve as a proxy for the Indonesian Thor- 
oughflow, which, as part of the global ocean 


CLIMATE CHANGE 


Special Report: Ancient 
Arabia’s connections 


conveyor belt, funnels warm water from the 
Pacific into the Indian Ocean and varies with 
ENSO conditions, says Columbia oceanogra- 
pher and team member R. Dwi Susanto. 

The expedition marks a coming of age 
for climate change research in Indonesia. 
“For the first time, when we talk about global 
warming, we will talk about data from our 
own soil,’ says Susanto, who is Indonesian. 
To help build capacity, two Indonesian gradu- 


ate students at Ohio State will take the lead in 
analyzing the ice. 

Researchers are holding their breath about 
just what they will find at the top of Puncak 
Jaya. Thompson, who has a track record of 
coming back with valuable data, is optimis- 
tic. “The beauty of going to a place no one 
has gone,” he says, “‘is that we are sure to find 
something unexpected.” 

—RICHARD STONE 


NRC Reports Strongly Advocate Action on Global Warming 


The three reports released last week by the 
National Academies’ National Research 
Council (NRC) had a familiar theme—the 
human-induced warming of the planet—but 
the tone, especially as presented to the public, 
was less familiar. The 2-year effort involv- 
ing 90 scientists “emphasizes why the United 
States should act now,” Ralph Cicerone, presi- 
dent of the National Academy of Sciences 
(NAS), said at a public briefing. The reports 
also have a few words about how the nation 
should act, which might influence a lively 
debate on a proposed Senate climate bill. 

The science supporting the why of action 
on climate change recalled the 2007 report 
of the Intergovernmental Panel on Climate 
Change (IPCC). “Climate change is occurring, 
Earth is warming,” said environmental scien- 
tist Pamela Matson of Stanford University in 
Palo Alto, California, chair of the NRC panel 
on advancing the science of climate change, 
one of three separate panels that produced the 
trio of reports. “These climate changes are 
largely caused by human activities.” 

But this was no rehashing of the IPCC 
report, which has taken considerable flak of 
late. The new NRC reports draw on the past 
5 years of peer-reviewed literature, which was 
published too late for inclusion in the IPCC 
analysis, Matson emphasized. They also 
reflect findings from more than a score of 
reports from the U.S. Global Change Research 
Program and earlier efforts from NAS. The 
membership of the three NRC panels also had 
little overlap with that of the IPCC’s working 
groups, says economist Gary Yohe of Wes- 
leyan University in Middletown, Connecticut, 
an IPCC veteran who was on the NRC panel 
on adapting to climate change. Yohe says he 
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Call to action. Ralph Cicerone introduced climate 
reports detailing why the nation should act now. 


was surprised to find at the panel’s inaugu- 
ral meeting that three-quarters of his fellow 
members were unfamiliar to him. 

Although NRC tasked the panel on limiting 
the magnitude of future climate change with 
providing “policy-relevant (but not policy- 
prescriptive) input,’ the panel did recommend 
that “the United States set a future greenhouse 
gas emissions target in the form of an emis- 
sions budget,” said panel chair Robert Fri 
of Resources for the Future in Washington, 
D.C. And the NAS press release said a “‘rea- 
sonable goal” would be emissions of 170 to 
200 gigatons of carbon dioxide equivalent in 
2012 through 2050. 

In recommending a carbon budget and a 
target range, the panels “did go farther than 
IPCC could,” says climate scientist Stephen 
Schneider of Stanford University, who was 
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not involved in the NRC reports. “There were 
more words like ‘should’ than you normally 
have with IPCC.” And the press release takes 
the emission budget goal a step further, noting 
that it is “a goal that is roughly in line with the 
range of emission reduction targets proposed 
recently by the Obama Administration and 
members of Congress.” 

But can the report help bolster the pro- 
posals’ chances of becoming law? “That’s 
the $64,000 question,” says ecologist Peter 
Frumhoff of the Union of Concerned Sci- 
entists in Cambridge, Massachusetts. The 
House of Representatives passed a bill that 
would probably keep the United States under 
the emissions budget, but action has been 
slow in the Senate. There, senators John 
Kerry (D—MA) and Joe Lieberman (ID-CT) 
have introduced a package with the same 
goals as the House version’s but more flex- 
ibility and with subsidies for nuclear and fos- 
sil fuel industries. Senate Majority Leader 
Harry Reid (D-NV) recently announced a 
go-slow approach, which might see votes as 
late as July. But elections loom in the fall, and 
climate lobbyists worry that the closer elec- 
tions get, the more hyperpartisan the atmo- 
sphere will be. 

It’s unclear whether science can change 
that. Myron Ebell of the Competitive Enter- 
prise Institute in Washington, D.C., rattles off 
anumber of Democrats in the House who sup- 
ported last year’s bill but have either publicly 
repudiated their vote or retired. “Cap-and- 
trade is dead,” he says. Said a Senate staffer: 
“T’m hoping this will help push the issue, but 
I don’t think we are at a place where scientific 
reports can find that influence.” 

—-RICHARD A. KERR AND ELI KINTISCH 
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PARTICLE PHYSICS 


Hints of Greater Matter-Antimatter 
Asymmetry Challenge Theorists 


The universe is chock-full of matter and 
devoid of antimatter, and physicists can’t say 
why. They think that matter piled up after the 
big bang thanks to a slight asymmetry, called 
charge-parity (CP) violation, in the way mat- 
ter and antimatter behave, but the effects seen 
so far are too small to do the job. So when a 
team reported last week that certain particles 
showed a huge matter-antimatter asymmetry, 
physicists—and the front page of The New 
York Times—took note, as it could be a sign of 
new particles. But the marginal result could be 
a fluke, and theorists say it’s difficult to explain 
why the effect is so big in this study and so 
small in earlier work on related particles. 

“T take this as a provocative result rather 
than a discovery,” says Chris Quigg, a theorist 


B meson 


time 


b: bottom quark 
b: bottom antiquark 


q: light quark 
q: light antiquark 


Presto! A B meson becomes an anti-B meson as its quark and anti- 


quark exchange massive W bosons and top quarks. 


at the Fermi National Accelerator Laboratory 
(Fermilab) in Batavia, Illinois. 

To spot the asymmetry, experimenters 
working with Fermilab’s DO particle detec- 
tor studied particles called B mesons, which 
flash into existence as Fermilab’s Tevatron 
collider smashes protons into antiprotons. 
Each B meson contains a massive particle 
called a bottom quark bound to a lighter anti- 
quark. Bizarrely, it can transform into an anti— 
B meson containing a bottom antiquark and a 
light quark through a process called “mixing.” 
If matter and antimatter behaved symmetri- 
cally, then the anti-B meson should mix 
back into a B meson at the same rate, creat- 
ing an even oscillation. Instead, the DO team 
found that a B meson “prefers to exist a little 
longer in the matter state than the antimat- 
ter state,” says Fermilab’s Dmitri Denisov, 
co-spokesperson for the team. 

The key to the experiment was that B 
mesons are born in the Tevatron’s collisions 


Anti-B meson 


in meson-antimeson pairs. So if an event con- 
tained a pair of B mesons or a pair of anti— 
B mesons, mixing must have occurred, and 
the DO researchers could probe it by tallying 
such pairs. They did that by exploiting the fact 
that a B meson can decay into an easily spot- 
ted particle called a muon, whereas an anti— 
B meson decays into an antimuon. Two-muon 
events outnumbered two-antimuon events by 
1%—. bias toward matter 40 times larger than 
the standard model of particle physics pre- 
dicts, the team reports in a paper submitted to 
Physical Review D. 

Here’s the tricky part. B mesons come in 
two types: B,, mesons that contain a down anti- 
quark and B, mesons that contain strange anti- 
quark. Counting muon pairs, the DO team can- 
not tell the two apart, but studies 
elsewhere found no similar asym- 
metry in B, mesons (although 
a small asymmetry appeared 
when B, mesons were measured 
another way). So DO researchers 
ascribe the skewing they see to 
the B, mesons alone. 

But it’s not easy to whip up 
extra asymmetry for just B, 
mesons. Mixing arises when 
the bottom quark and the lighter 
antiquark within a meson 
exchange other particles, which 
thanks to quantum uncertainty 
can be much more massive 
than the meson itself (see figure). So still- 
undiscovered massive particles could join in 
and pump up the asymmetry. But it’s hard 
to explain why they would affect B, mesons 
so strongly but leave B, mesons alone, says 
Yosef Nir, a theorist at the Weizmann Insti- 
tute of Science in Rehovot, Israel. ““There 
are models that do it,” he says. “But I would 
say that in the preferred models, the influ- 
ence on B, and B, would be the same.” 

The result may soon be tested. The more- 
powerful Large Hadron Collider (LHC) at the 
European laboratory, CERN, near Geneva, 
Switzerland, feeds a detector named LHCb 
that’s designed to study B mesons, and it 
should soon compete with Fermilab’s DO and 
CDF detectors in “B physics,” says Sheldon 
Stone, an LHCb team member from Syracuse 
University in New York: “With any luck we 
will catch them by the end of the year, and by 
the end of next year we’ll be way ahead.” 

—-ADRIAN CHO 


NEWS OF THE WEEK E 


ScienceNOW 


From Science's 
Online Daily News Site 


Genetic Discovery Promises to Boost 

Rice Yields 

Some agricultural experts believe worldwide 
crop yields need to double by 2050 to avert 
a global food crisis. And improving yields of 
rice is deemed particularly important because 
rice is the staple food 

for nearly half of the 

world’s population. 

Two groups working 

independently have 

now identified a vari- 

ant of a gene in rice 

plants that could boost rice yields by 10%, 
though they must still demonstrate that their 
experimental breakthrough will pay off in 
farmers’ fields. http://bit.ly/rice-yields 


Animal Reserves Can Be Good 

for People, Too 

Creating a national park or other reserve 
can help protect animals and plants. But 
what about the people who live in the area? 
A new study of Costa Rica and Thailand 
suggests that neighbors are better off eco- 
nomically than people who don’t have parks 
nearby. http://bit.ly/animal-reserves 


Body Temperature Time Machine 

It's not quite as easy as putting thermom- 
eters under their tongues and waiting 

30 seconds, but scientists have discovered 

a way to measure the average body tem- 
perature of animals that lived millions of 
years ago. The findings will help biologists 
learn more about extinct animals’ physiol- 
ogy and give paleoclimatologists a powerful 
new tool for gauging ancient environmental 
temperatures. http://bit.ly/bodytemp 


Life’s Pageant Not So Rich 

How many kinds of bugs are there? A new 
estimate, based on mathematical model- 
ing and a major bug-counting effort in New 
Guinea, puts the number of arthropod spe- 
cies in the tropics—which account for most 
of the animal species in the world—at about 
3.7 million, well below the 30 million once 
suggested. The results could help scientists 
get a better sense of how many species are 
disappearing in the current human-caused 
mass extinction. http://bit.ly/species-diversity 


Read the full postings, comments, and more 
at news.sciencemag.org/sciencenow. 


www.sciencemag.org SCIENCE VOL328 28 MAY 2010 


Published by AAAS 


Downloaded from www.sciencemag.org on May 27, 2010 


1087 


7 NEWS OF THEWEEK 


1088 


INFECTIOUS DISEASES 


Fears of Lax Surveillance if CDC Program Cut 


A proposal to stop funneling dollars directly 
to U.S. surveillance and research for most 
mosquito and other vector-borne diseases 
such as West Nile virus and dengue has sci- 
entists wringing their hands. They are con- 
cerned that if the plan sticks, the country 
will be ill-prepared to handle new emerging 
diseases and manage existing ones. The pro- 
posal in President Barack Obama’s 2011 bud- 
get for the U.S. Centers for Disease Control 
and Prevention (CDC) in Atlanta, combined 
with a $15.7 million cut for infectious disease 
work generally, would virtually eliminate the 
vector-borne program. Currently, CDC funds 
mosquito testing for a variety of diseases and 
investigations into patterns of disease spread 
in the United States. 

The budget recommended removing 
$26.7 million from the vector-borne pro- 
gram, along with $8.6 million from anti- 
microbial research, and partially offset- 
ting that with an increase of $19.6 million 
to emerging infectious diseases. Since the 
cut was recommended earlier this year, sev- 
eral professional groups have urged Con- 
gress to override it and continue direct- 
ing money to vector-borne diseases. If the 
vector-borne program is eliminated, they 
argue, CDC would likely respond only when 
disease surges. 

“Everybody’s looking for opportunities 
to save” money, says Ali Khan, acting dep- 
uty director at CDC’s National Center for 
Emerging & Zoonotic Infectious Diseases. 
But although “we do support the president’s 
budget, ... if all these dollars are eliminated, 
there’s no doubt this would have a profound 
effect.” As an example of the importance of 
continued surveillance, some are pointing 
to the detection of 28 cases of dengue fever 
in Florida since last fall. These are the first 
cases in the continental United States since 
the 1940s, except for a few along the Texas- 
Mexico border. Although dengue is also rag- 
ing in Puerto Rico. 

Although the cut is a tiny part of CDC’s 
$6.6 billion proposed budget, it has jolted a 
number of societies into action. The American 
Society for Microbiology submitted written 
testimony to Congress last month, as did the 
American Red Cross and other blood bankers. 
Other groups focused on epidemiology, pub- 
lic health, and mosquito control have either 
written to or met with congressional staff. 
It’s not clear yet what impact those objections 
will have: Congressional appropriators won’t 
finalize the budget until later this year. 
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Dengue on the upswing. Cases of the disease, transmitted by Aedes aegypti mosquitoes, have been rising, 
but CDC’s dengue branch in Puerto Rico is threatened by possible budget cuts. 


In the past, the budget has allocated 
money to vector-borne diseases within the 
United States as a group and separately to 
malaria and to Lyme disease; those two are 
unaffected by the proposed cuts. The vector- 
borne program is a catchall for many diseases 
transmitted mostly by mosquitoes, although 
the list shifts as new conditions surface 
and some diseases become less common. 
The current vector-borne program began in 
1999 when the first cases of West Nile virus 
showed up unexpectedly in crows and then 
people. Its finances have held mostly steady, 
with occasional cuts in recent years as West 
Nile cases have dropped in some areas and 
the virus has faded from public attention. 
About $13 million of the nearly $27 mil- 
lion is distributed to state and local health 
departments, and Khan estimates that 100 
state employees and 24 at CDC would lose 
their job if the cuts go through. Most severely 
affected would be CDC’s Dengue Branch in 
San Juan, Puerto Rico, and another branch of 
the Division of Vector-Borne Infectious Dis- 
eases in Fort Collins, Colorado, which could 
lose more than half its funding. Rather than 
allocate money specifically to vector-borne 
diseases, the 2011 budget recommends a 
new tack: pooling money for infectious dis- 
eases more generally and consolidating the 
work in one center instead of two. 

But many say that removing dedicated 
funds for vector-borne diseases is short- 
sighted and could gut the strong surveillance 
programs that state and local health depart- 
ments have built, making CDC reactive 
rather than proactive. “If you’re not doing 
surveillance, ... you’re going to miss these 


things until you have a major outbreak,” says 
Laura Kramer, a virologist at the New York 
State Department of Health in Albany. The 
current program supports seasonal testing of 
mosquitoes and other potential vectors, such 
as ticks, along with testing of dead birds. It 
has also supported studies into the evolution 
of West Nile virus and the genetics of the 
mosquitoes that transmit it. 

Justifying all this when there’s little 
illness—West Nile cases plunged last year— 
leads people to ask, “Why are we doing this?” 
Kramer says. Although the proposed budget 
allows money to be funneled back to vector- 
borne diseases if they resurface, Kramer says 
that’s less efficient than sustaining the pro- 
gram. “The people who have been trained to 
do the work in the labs and the field aren’t 
going to be there” anymore, she says. 

There would be other effects as well. “We 
rely on [CDC’s surveillance] data to mold ... 
our testing policies,” says Roger Dodd, vice 
president of research and development at the 
American Red Cross in Rockville, Mary- 
land. In times and regions where West Nile is 
surging, the Red Cross tests every blood unit 
for the virus rather than pooling blood for a 
less sensitive test, as it usually does. The Red 
Cross is also concerned about dengue virus 
because two transfusion cases have been 
reported, both in Asia. 

Khan says CDC will find money for 
vector-borne diseases somehow, no matter 
how the budget shakes out. “This is a priority 
for us, and we will support” it, he says. “How- 
ever, we are all very conscious and honest that 
you can’t get all [you need] out of these cuts.” 

—JENNIFER COUZIN-FRANKEL 
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SCIENCE AWARDS 


Efforts to Stop UNESCO Science 
Award in Honor of African Dictator 


Unless human-rights organizations score a 
last-minute victory, one or more life scien- 
tists could find themselves in an awkward 
spot next month: to be awarded a prize by 
the United Nations Educational, Scientific 
and Cultural Organization (UNESCO) that 
is named after one of Africa’s most infa- 
mous dictators. 

As Science went to press, behind-the- 
scenes discussions about the award, named 
after President Teodoro Obiang Nguema 
Mbasogo of Equatorial Guinea, were still 
going on at UNESCO, and nongovernmen- 
tal organizations (NGOs) were increasing 
the pressure to stop, or at least postpone, 
what they see as a major embarrassment. 
But a UNESCO spokesperson said the five- 
member jury has already made its choice, 
and UNESCO Director-General Irina Bokova 
could adopt their recommendations as early 
as this week. Prize rules stipulate that up to 
three researchers, groups, or institutions can 
share the $300,000 award. 

Obiang, who came to power in a 1979 
coup against his uncle, has ruled his small 
West African country of fewer than | million 
people with an iron fist. A U.S. Department 
of State report issued last year cites many 
human-rights violations, including unlaw- 
ful killings by security forces, government- 
sanctioned kidnappings, systematic torture 
of prisoners and detainees, and arbitrary 
arrests. A 2004 U.S. Senate investigation 
also cited evidence of corruption by Obiang 
and his family, which enjoys a very lavish 
lifestyle. Equatorial Guinea became very 
wealthy after oil was discovered in its waters 
in the 1990s, but more than half the popula- 
tion still lives in extreme poverty. 

The Obiang government proposed the 
prize for “scientific achievements that 
improve the quality of human life” in 2007 
and put $3 million on the table in award 
money and administrative costs for the first 
5 years. When the proposal came before 
UNESCO’s Executive Board—on which 58 
of the agency’s 193 member states have a 
seat—in October 2008, many Western coun- 
tries opposed it, but they didn’t ask for a vote 
because they knew they would be defeated, 
says one diplomat. “It was the first African 
science prize. African countries were all 
in favor, and they had enough supporters 
among the G77,” a coalition of developing 
nations, the diplomat says. 


The award puts Bokova, a Bulgarian dip- 
lomat elected in 2009 ona platform to reform 
the heavily politicized agency, in a difficult 
position. She appears to have signaled her 
own reservations about the idea in a speech 
at an April meeting of the Executive Board, 
when she said that she had “received criti- 
cism” about the prize, which she had passed 
on to the board. 

Bokova has also asked a task force to 
look at the procedure for new prizes. She 
wants “to make sure there is real consen- 
sus about the creation of these awards,” a 
spokesperson says. But the review, whose 


Prize fight. A $300,000 award named after president 
Teodoro Obiang put UNESCO Director-General Irina 
Bokova in a difficult position. 


outcomes probably won’t be known until 
this fall, comes too late to affect the Obi- 
ang prize. Early this week, Gavin Hayman, 
campaign director of Global Witness, said 
he still held out hope that the prize would 
be canceled or postponed—or that the laure- 
ate, or laureates, will refuse it. “It would be a 
brave person to accept this prize,” he adds. 
Sylvie Rano, a member of Equatorial 
Guinea’s delegation to UNESCO, says she 
is “sorry” that NGOs are trying to block the 
award. But she would not comment further 
and referred Science to President Obiang’s 
office. Rano says Obiang plans to come to 
Paris for the June ceremony if his agenda 
permits it. —MARTIN ENSERINK 
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Dedicated team coverage of the Gulf Oil 

spill included a critical look at the much- 
ballyhooed risk that the Loop Current would 
drive the oil to Florida. An expert said the 
amount of oil involved and the predicted 
behavior of the current made that unlikely. 
The 20 biologists working for Louisiana have 
found oil on the state’s beaches for the first 
time; experts hope tall reeds can survive the 
slick on the surface. Scientists explained why 
so much of the oil has remained under the 
surface of the ocean and when it might rise. 
http://news.sciencemag.org/oilspill/ 


In a Q&A, research policy expert Mary 
Moran explained the rationale behind the 
PDP+ Fund, proposed by the International 
Aids Vaccine Initiative and partners. The 
fund would pool money from government 
and private sources, and even bonds or 
grants to support existing “Product Devel- 
opment Partnerships” to develop treat- 
ments for neglected diseases. Some 
140 such efforts exist, said Moran, but 
they are underfunded and don’t last long 
enough. http://bit.ly/PDPfund 


Forty-one prominent anthropologists have 
written a letter of complaint to the U.S. 
Department of the Interior about a pro- 
posed new rule on human remains. The 
ruling would allow groups to file requests 
to bury human remains held by scientists 
at universities or other research institutions 
even if the groups are unconnected to the 
remains. http://bit.ly/BurialRule 


After the announcement of the creation 

of a synthetic genome, President Barack 
Obama has ordered a 6-month study of the 
topic from his bioethics commission. 
http://bit.ly/SynBioLetter 


British scientists appear to have avoided 

£6 billion (about $9 billon) in cuts to this 
year’s budget passed by the new Conserva- 
tive—Liberal Democrat governing coalition. 
The former government had planned to 
spend £230 million on the UK Centre for 
Medical Research and Innovation in the 
2010-11 budget, but the funding will be 
allotted more slowly. http://bit.ly/BritFunding 


See the full postings and more at 
news.sciencemag.org/scienceinsider. 
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NEWSMAKER INTERVIEW 


Francis Collins: On Recruiting Varmus, 
Discovering Drugs, the Funding Cliff 


He may be working a 100-hour week, but 
human geneticist Francis Collins is clearly 
enjoying running the National Institutes of 
Health (NIH). Since he began last August, 
he has pushed out the door the $10.4 billion 
that NIH got in last year’s stimulus package, 
fleshed out five strategic themes for NIH 
(Science, | January, p. 36), and put his stamp 
on the president’s proposed 2011 budget. 

Collins’s passion is to expand NIH’s 
emphasis on translational research. He 
wants to give basic researchers the tools to 
convert their discoveries into therapies, he 
says. He is also an enthusiastic proponent 
of a new drug-development program at NIH 
called the Cures Acceleration Network. The 
program, approved for $500 million a year 
but not yet funded, was added to the health 
reform bill by biomedical research cham- 
pion Senator Arlen Specter (D—PA). 

Last week in an interview at NIH with 
several Science staffers, Collins said he was 
“grieving” about Specter’s loss in the Dem- 
ocratic primary. He discussed NIH’s bud- 
get prospects for next year and spoke of his 
role in luring former NIH director Harold 
Varmus back to Bethesda to head the 
National Cancer Institute (NCI). 

Here are his comments, edited for brev- 
ity and clarity. On Science online, this article 
links to a full transcript. 

—JOCELYN KAISER 


Q: What has it been like going from direct- 
ing the genome institute to running the 
whole NIH? 

F.C.: When I ran the genome institute, I felt I 
could pretty much get my head around most 
of the major issues that we needed to attend 
to on any given day. Here, it’s quite a stretch. 
The hours are long; I’m probably working 
100 hours a week in an average week. 


Q: Regarding the budget and grant fund- 
ing, you've said that you expect very low 
success rates in 2011, 15%. What's this 
going to mean? 
F.C.: We don’t know what the budget will 
end up being. Obviously, the signs are not 
particularly good that the Congress will do 
better than the president’s budget [a 3.2% 
increase]. Some noises might even indicate 
that they’ll do worse. 

We will undoubtedly have to look at dra- 
conian things like downward negotiations, 


which means cutting the budgets of approved 
grants in order to try to free up dollars to 
fund more grants. We are trying to protect 
certain parts of the enterprise. Postdoc train- 
ing slots, for instance. But I’m sorry, I can’t 
come up with a magic solution here that is 
going to reduce all of the pain. 


Q: Some researchers are worried that your 
emphasis on translational research and big 
goals will mean cutting back on investigator- 
initiated grants. 

F.C.: I don’t think they should be very wor- 
ried. Everybody’s going to be stressed, so 
it will be tempting if your grant didn’t get 
funded to look around for some reason other 
than the fact that it was a tough year budge- 
tarily. The amount of additional funds that 
might go into focusing on translation are 
going to be maybe 1% or thereabouts of the 
overall NIH effort. That shouldn’t have a 
very big effect. 


Q: Does that mean 1% less for investigator- 
initiated research? 

F.C.: I would argue that if NIH simply said 
we're going to keep doing what we’ve been 


doing all along, we’re not in a very good 
position then to ask the Administration or 
the Congress to give us more resources. 

The translational goals get a lot of trac- 
tion with the Congress, with the public. They 
should. I mean, we’re the National Institutes 
of Health. We are supposed to be coming up 
with ways to prevent and treat disease. 


Q: As part of this, you're investing more 
and more in drug discovery and develop- 
ment. Why? 

F.C.: Let’s talk about TRND [Therapeutics for 
Rare and Neglected Diseases]. In 
terms of dollars, it’s pretty puny. 
Fiscal year 2010: $24 million. 
What’s in the president’s budget 
for FY ’11 is $50 million. On the 
scale of $31 billion to $32 billion, 
it is a pretty tiny blip. 

It is high-risk for sure. Why 
should we do it at all? Well, if 
you’re talking about rare dis- 
eases, or diseases of the develop- 
ing world that don’t have much of 
an economic market, if the gov- 
ernment doesn’t get invested in 
those therapeutic efforts, they’re 
not going to happen. 

We’ve arrived at the point 
scientifically where we’ve dis- 
covered the molecular basis of 
hundreds of diseases, and aca- 
demic investigators [can] turn 
that into a high-throughput 
screen that yields up a small 
molecule that looks like it might 
be promising. And what TRND 
offers is to go one step beyond 
that into the preclinical phase 
to take some of those promising 
compounds and see whether you 
could get them all the way to FDA approval 
and a clinical trial. ... So all of that I think 
is very defensible. 


Q: Have genomewide association studies 
(GWAS) paid off? 

F.C.: We’re approaching 1000 validated 
genetic variations associated with a com- 
mon disease. Most of them with very small 
odds ratios [as a cause of disease]. So prob- 
ably not of much use for making predictions 
about future risk. 

But I see no reason why there should be 
any connection at all between the strength 
of a variant as far as its risk on future ill- 
ness and whether it is pointing you towards 
a target that could be very valuable for new 
drug development. So I think we have 1000 
new drug targets sitting in front of us. I get 
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a little bit frustrated when people say, “Oh, 
GWAS has been a bust.” 


Q: Was it hard to persuade Harold Varmus 
to come back [to NIH]? 
F.C.: You know, initially Harold was help- 
ing with the search process. Which had to 
be informal because this was a presiden- 
tial appointment, but he obviously knew the 
field and so he and a few others were helping 
me with the trolling of the landscape. After 
a couple, three, months, it became more and 
more clear to all of us that there was a really 
perfect candidate right there in our midst. 
Obviously, this is a big investment for 
him to come back to NIH, for a guy who 
loves New York City, and to take this on. 
But he’s got a lot of ideas, a lot of fire in 
the belly. It’s going to be wonderful having 
him here. 


NATIONAL INSTITUTES OF HEALTH 


Lowering the Boom 


After a year of review, the National Insti- 
tutes of Health (NIH) has unveiled a plan for 
cracking down on conflicts of interest in bio- 
medical research. Pressured by Congress, 
NIH last week released proposed changes 
to a 15-year-old regulation affecting every- 
body who receives U.S. Public Health Ser- 
vice money—about 40,500 grantees. The 
changes would require researchers to report 
more financial information to their employ- 
ers, have the institutions and not research- 
ers decide when a conflict exists, and make 
some of the reported information public. 

NIH Director Francis Collins explained 
that although “partnerships between NIH- 
funded researchers and industry are essen- 
tial,’ public trust is essential, too. Even if it 
means more paperwork, “we cannot afford 
to take any chances with the integrity of the 
research process.” 

Watchdog groups and the Association of 
American Medical Colleges (AAMC) gen- 
erally praised the revisions. Senator Charles 
Grassley (R—IA), who has been investigat- 
ing conflicts in academic medicine, called 
the changes “an important step in the right 
direction.” 

NIH is responding to growing contro- 
versy over the influence of drug money in 
biomedicine, including allegations by Grass- 
ley’s staff that several NIH-funded psychia- 
trists failed to disclose consulting income 
(Science, 3 July, p. 28). The revised rules 
would lower the threshold for “significant,” 
hence reportable, outside income or equity 


www.sciencemag.org SCIENCE VOL328 28 MAY 2010 


Q: There seems to be paranoia that you 
and Varmus want to take away the special 
status of NCI. 

F.C.: The [Institute of Medicine] in [a] report 
back in 2003 concluded that the special sta- 
tus of the NCI has been more of a negative 
than a positive. So what is it that people are 
worried about here? That not having the 
ability to submit the bypass budget is going 
to have a big effect on cancer research? As 
far as I can tell, the bypass budget has no 
effect on anything. 

Are they worried that not having a pres- 
identially appointed institute director is 
going to do damage to the leadership of the 
institute? Well, look back over time and you 
decide whether that presidential appoint- 
ment, which means it becomes a political 
issue, has been a good thing or not. I think 
Harold and I have the same view here, that 
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this is a big place with a lot of smart people, 
and the best outcomes are generally when 
you don’t have walls between parts of the 
organization that prevent people from learn- 
ing from each other. 


Q: How much time do you get in your 
own lab? 

F.C.: I try to be over there on Monday morn- 
ings. I have about 10 people in my lab, three 
projects: diabetes, progeria, and asthma. It’s 
great for me, it’s like a wonderful respite from 
dealing with lots of other issues to actually 
look at data and talk to young scientists about 
where they’re going. And I would argue it also 
makes me a little bit more effective as an NIH 
director to be anchored in the reality of what 
science is all about instead of just reading it 
in journals. It works out. It wouldn’t work out 
if 1 wasn’t willing to work 100 hours a week. 


on Financial Conflicts 


from $10,000 to $5000 and remove entirely 
the 5% threshold for reportable equity in a 
nonpublicly traded company. Investigators 
would inform their institutions about all sig- 
nificant financial interests related to their 
“institutional responsibilities”—so that 
administrators, not the investigator, would 
decide if any are related to a specific NIH- 
funded project. 

For the first time, institutions would have 


cial relationships to their institutions, with no 
minimum dollar threshold. The highest level 
of public disclosure is an open-ended “above 
$250,000.” That means the public won’t 
know if the amount is $250,000 or $2 mil- 
lion, says Allan Coukell of the Pew Prescrip- 
tion Project in Boston. However, Coukell 
calls the rules “pretty solid” overall. 

“Tt’s definitely an improvement in terms of 
disclosure,” agrees Lisa Bero, a conflict-of- 


Key Changes to PHS Conflict-of-Interest Rule 


Old 


Reportable interest: 


Conflict determined by: Investigator 
Public disclosure of conflicts: No 
Institutions report to NIH: 


to send NIH a detailed report on the amount 
of money involved and how the conflict is 
being managed. This would help NIH make 
sure institutions are following the regulation, 
said NIH Acting Deputy Director for Extra- 
mural Research Sally Rockey. And institu- 
tions would be required to disclose senior 
investigators’ significant conflicts related to 
an NIH grant to the public on a Web site. 
The changes fall short of what some 
experts wanted. The Institute of Medicine 
(IOM), for example, had recommended that 
researchers should report all industry finan- 
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$10,000 or 5% equity 


Existence of conflict, 
whether managed 


New 

$5000 or any equity in 
nonpublicly traded company 
Institution 

Yes 


Conflict’s nature, amount, how 
managed 


interest expert at the University of California, 
San Francisco. But she points out that respon- 
sibility for handling conflicts hasn’t changed: 
It will still lie with institutions—and NIH 
hasn’t given them much specific guidance. 
For example, the rules don’t say that conflicts 
should be avoided in human subjects research, 
which IOM and AAMC have urged. “I think 
there’s going to be a lot of variability” in how 
institutions implement the rules, Bero says. 
NIH will take comments for the next 
60 days before issuing a final regulation. 
—-JOCELYN KAISER 
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A Forgotten Corridor 
Rediscovered 


As the world's first civilizations emerged in the 3rd millennium B.C.E., an obscure _ 
region in eastern Arabiayserved as a crucial trade link while developing a surprisingly 
sophisticated independent culture of its own 


BAT, OMAN—To a layperson, the’ three bro- 
ken bits of red-and-black pottery, which fit 
in the palm of one hand, all look similar. But 
for 31-year-old archaeologist Chris Thorn- 
ton, each piece tells a remarkable-and dis- 
tinct story of the time when humans first 
began to travel and trade over a vast.area. 
One angular piece shows that, some 
4500 years ago, traders carrying pots cre- 
: ated across the sea in 
—— = Iran’s distant Ker- 
— — —— man Province 
~ po ae eH came to this 
small oasis in a 
remote corner 


— 


of Oman? in southeastern Arabia. A sec- 
ond piece hails,all the.way from the Indus 
River civilization, seme 1500 kilometers to 
the east. And the third piece is a local imi- 
tation of the imported Indusware,-not quite 
as sophisticated as the original. The modest 
sherds are clear evidence that in the 3rd mil- 
lennium B.C.E., this dry and rugged region 
of the Arabian Peninsula was an important 
trading crossroads. 

Clues like these are remaking our under- 
standing of the first civilizations and the net- 
works that bound them together. The urban 
centers of Mesopotamia, Iran, and the Indus 
River were connected in a web encompassing 
much of southern Asia, including places like 
Bat that were long considered backwaters. 
“This is a quite dynamic world filled with 


people moving about,” says archaeologist 
Gregory Possehl of the University of Penn- 
sylvania, who directs the dig at Bat. “There 
were a number of chainlike networks. The 
whole place was quite lively.” 

That’s a far cry from the traditional view 
in which the world’s first civilizations— 
Egypt, Mesopotamia, and the Indus—were 
largely isolated by sparsely populated des- 
erts, seas, and mountains. Recent digs in Iran 
and Central Asia, however, have uncovered a 
plethora of ancient cities that traded goods 
and technologies overland with one another 
and their more famous neighbors (Science, 
3 August 2007, p. 586). Now discoveries 


Rocks of ages. Five-millennia-old Hafit tombs 
like these dot the rugged hills of Oman. 
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in Oman and the neighboring United Arab 
Emirates (UAE) are beginning to show that 
there was a southern sea route as well, which 
funneled raw materials such as copper and 
manufactured goods such as textiles across 
the Arabian Sea and the Persian Gulf. 

Those links reached deep into the east- 
ern Arabian Peninsula to sites such as Bat, 
a modest settlement that by 2400 B.C.E. 
boasted massive round stone towers and 
tombs, a clever system to manage scarce 
water, and exotic goods. 

Much is still unknown, including whether 
Indus traders actually penetrated deep into 
Arabia, the identities of the sailors who first 
plied the Indian Ocean, and just how exten- 
sive that contact was. But clues continue to 
emerge from numerous archaeological digs 
in Oman and the UAE, a region that has 
become a hotbed of excavation (see p. 1098). 
Work here and in the western Persian Gulf, 
Iran, Pakistan, and India reveals that this 
early Arabian culture was a nexus point for 
the far-flung civilizations of the 3rd millen- 
nium B.C.E. “Arabia is the hinge,” says Mau- 
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rizio Tosi, an archaeologist at the University 
of Bologna in Italy who has conducted pio- 
neering work in the region. 


Sailing away 

While vacationing in 1981 on a cliff-ringed 
beach on the easternmost cape of Arabia, 
200 kilometers east of Bat, Tosi stumbled 
on a 4500-year-old settlement. Over the next 
decade, he and his late colleague 
Serge Cleuziou of CNRS in Paris 
dug the site, called R’as al Jinz, 
and eventually uncovered ivory 
combs and potsherds marked with 
distinctive signs from the Indus 
River civilization, all buried in a 
modest mud-brick house. 

They also excavated lumps of bitumen, 
an oil-based substance common in Meso- 
potamia, covered in barnacles. One piece 
still had the impressions of rope. The bitu- 
men provided convincing proof for ocean- 
going boats made from reeds or planks sewn 
together and slathered with the imported 
waterproof substance—at the astonishingly 
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Tradin aulaees Arabia was perfectly positioned to 
chpin of- trade among the world's first 


early date of 2200 B.C.E. Excavators also 
found a piece of broken pottery chemically 
determined to come from Mesopotamia, 


Thus this single site demonstrated’maritime~ 


connections with the two largest, civiliza- 
tions of the day. 1g 

The finds stunned“arehaeologists, who 
had long assumed that mariners did not mas- 
ter the secrets of the Indian Ocean’s mon- 
soon winds until 1000 or more years later 
(see p. 1094). And it forced them to rethink 
trade connections between the Indus and its 
western neighbors. When the evidence was 
presented at a meeting in the early 1980s, “it 
was a very dramatic moment,” recalls New 
York University’s Rita Wright. “We were all 
dumbfounded.” 

The discovery put the spotlight on an area 
mostly neglected by archaeologists. But given 
its modest houses and size, R’as al Jinz was 
almost certainly a fishing village rather than 
an international port. So where did ships from 
the Indus dock? To find out, researchers have 
moved a short drive up the dramatic coast to a 
series of sites at R’as al Hadd, where they are 
finding even earlier settlements. 

Current excavations by Maurizio 
Cattani, also from the University of Bologna, 
are exposing a rudimentary settlement dating 
back to the end of the 4th millen- 
nium B.C.E. By 3000 B.C E.— 
centuries before Indus goods 
arrived at R’as al Jinz—the inhab- 
itants here suddenly enclosed a 
60-meter-by-40-meter area with 
a 1.5-meter-high stone wall. The 
settlers imported clay for their floors and 
built mud-brick structures using bricks of 
identical size to those at Hili, a distant oasis 
town just west of the Oman border in Abu 
Dhabi. One building exposed this season 
has a tripartite structure reminiscent of those 
found in Mesopotamia in that era. “The trans- 
formation is so fast,” says Cattani. “It went 
directly from poor huts to stone structures— 
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almost as if it is a kind of colonization, or a 
push from outsiders.” 

Just who those outsiders might have 
been is unclear. The huge number of 
fish bones—the area is renowned even 
today for the size and variety of its fish— 
suggests that inhabitants salted fish to trade 
with peoples living inland on the south- 
ern slopes of Oman’s Hajar Mountains. 
Donkey bones, date pits, and copper pieces 
are signs of a robust trade with those 
interior settlements by the middle of the 
3rd millennium B.C.E., prior to the arrival 
of Indus goods. But there is no sign here of 
a port that might have served oceangoing 
ships later in the 3rd millennium B.C.E. 
Tosi and Cattani suspect that it may still 
lie in the vicinity: The current lagoon has 
shifted over the millennia, they think, and 
the port may be lost or lie under the town’s 
medieval fort. But some other archaeolo- 
gists theorize that international trade here 
may have been restricted to an exchange 
of pots for supplies by roving Indus fish- 
ers. Indus pots were likely highly prized 
luxury items, given that Arabians made 
few ceramics themselves until well into the 
3rd millennium B.C.E., typically prefer- 
ring skins, like their Bedouin descendants. 
The question of just how extensive the 
trade here was remains unresolved. 


Tomb rater. At R’as al Hadd, Cattani seeks clues 
to Arabia's great transformation. 


es) =< 284d 


eS 


Another puzzle is the sudden sophisti- 
cation that appears at both coastal sites like 
R’as al Hadd and R’as al Hamra near Oman’s 
capital of Muscat as well as at interior east- 
ern Arabia settlements like Bat. What Tosi 
calls “the great transformation” predates 
the rise of the Indus civilization. Although a 
scattering of small Mesopotamian pots dat- 
ing to 3000 B.C.E. demonstrates a link with 
that society, the changes wrought in Oman 
appear to have been largely homegrown. 

Whatever the extent of trade at R’as al 
Jinz itself, evidence from elsewhere makes 
it clear that global trade took off in the mid- 
dle of the 3rd millennium B.C.E. By then, 
inhabitants in Oman were apparently ready 
to participate as important players. Cunei- 
form tablets from Mesopotamian cities 
detail huge amounts of copper coming from 
the land of Magan, believed by many schol- 
ars to be Oman. Ports on the Persian Gulf, 
along the coast of today’s UAE, transported 
metals from deep in the interior, and man- 
ufactured goods such as textiles were pro- 
vided in exchange, says Piotr Steinkeller, an 
Assyriologist at Harvard University. 


Going to Bat 

Hints of this ancient trade are emerging in an 
unlikely spot: Bat, a small village set amid a 
palm grove deep in Oman’s interior. To the 


he S hipping News, inte 2200 B.C.E. 


: MUSCAT, OMAN—Asa ‘team of senior archaeologists watched in hor- 


ror from the deck of the sultan’s yacht, the reed vessel it was accom- 
panying began to sink. The 13-meter-long, 11-ton craft, the Magan 
III, had been launched from the harbor here and was aiming at the 
Indian port of Mandvi, 1000 kilometers away. But after just several 
dozen kilometers, the vessel took on water and eventually foundered. 
The crew was rescued, but the debacle on 7 September 2005 

ended an unusual research experiment aimed at under- 
standing how ancient mariners made the passage from 
the Arabian coast to the Indus River civilization more 
than 4000 years ago. 

The project was sparked by archaeological dis- 
coveries that show a maritime link between the 
Indus, Arabia, and Mesopotamia in what may 
have been the world’s first oceangoing vessels 
(see main text, p. 1092). But debate continues over 
the design of what may have been the world’s first 
oceangoing vessels. 

Boats were used in the Persian Gulf as early as 
5000 B.C.E., based on recent excavations in Kuwait. By 2500 B.C.E., 
pharaohs buried themselves with impressive craft, Mesopotamian 
tombs contained models of large ships, and Indus sites preserve mod- 
els and images of boats. In addition, Mesopotamian texts from the 
21st century B.C.E. mention construction of massive vessels that 
consumed huge numbers of palm, tamarisk, and pine trees, along 


Seaworthy. This piece 
of bitumen documented 
ancient sea trade. 


yar. uy y + zn . 
with enormous quantities of reeds, ox hides, goat’s hair, and fish oil 
and asphaltlike bitumen to coat the exterior. The discovery of pieces 


of what appears to be a large boat on the eastern shore of Oman— — 


the first clear evidence for oceangoing trade, dated to 2200 B.C.E.— 
inspired a small group of archaeologists and boat builders to try to 
recreate such a vessel. 

The effort differed from Thor Heyerdahl’s Tigris reed raft, which 
the Norwegian sailed from Basra, Iraq, to Muscat, and then on to 

Pakistan in the late 1970s. Many archaeologists dismissed that 
effort as a stunt that did little to enhance our understanding of 
ancient technology, given the dearth of data on construction 
and sailing techniques. The Magan III was based instead 
on the recent finds as well as 400 models, clay seals, and 
drawings of the 3rd millennium B.C.E. 
Unlike a raft, the Magan III was made up of reed 
bundles shaped as planks, with a leather gunwale and a 
tapered bow and stern. A crew of eight was to subsist on a 
2200 B.C.E. diet of dates, honey, pulses, and dried fish dur- 
ing the estimated 10-day voyage. Thomas Vosmer of Mus- 
cat, an American-born Australian who specializes in ancient 
boatbuilding, experimented with several smaller versions 
before settling on a design; the Omani government agreed to cover 
construction costs. 

With guidance from archaeologists such as Maurizio Tosi of = 
the University of Bologna and Gregory Possehl of the University a 
of Pennsylvania, Vosmer’s team set out to build the Magan III as 6 
authentically as possible. A coating of bitumen, along with calcium 5 
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_ carbonate from crushed seashells and fish oil, made a WaeTorOae : 
seal. The sail was made from hand-woven goat hair. “We had five sea 
trials for 25 days, and we plugged a lot of holes,” recalls archaeolo- 
gist Alessandro Ghidoni of Muscat, who was a construction supervi- 


CREDITS (TOP TO BOTTOM): JOINT HADD PROJECT; HELEN KIRKBRIDE 


ARABIA'S ANCIENT CROSSROADS: _| NEWSFOCUS bee 


Beachcombing. This Indus sherd and ivory comb were found on the Arabian shore at R’as al Jinz. 


north and east, the Hajar Mountains form 
a spine separating the area from the coast 
along the Gulf of Oman. To the south and 
west lies the fearsome Empty Quarter, one 
of the world’s harshest deserts, peopled today 
only by intrepid Bedouins. 

Archaeologists have long suspected that 
this copper-rich region was important to 
3rd millennium B.C.E. civilization, given 
the frequent mention of Magan in cuneiform 
texts. Until Oman began to open its doors 
to outsiders after 1970, however, the area’s 
past was almost completely unknown. 

When they did begin to explore, archae- 
ologists were amazed by what they found: 
As many as 100,000 ancient round stone 
tombs and monuments pepper the region. 


ea 


sor and crew member. 


A series of surveys and excavations con- 
ducted across the arc along the southern 
foothills of the Hajar reveal an advanced 
indigenous culture previously unknown. 
In the earliest period that began during 
about 3100 B.C.E. and is dubbed the Hafit, 
impressive single-chamber tombs as high 
as 5 meters were built in lines along ridges 
of hills and mountains. Some include small, 
elaborate pots made in Mesopotamia. 

Just as at R’as al Hadd and R’as al Hamra 
on the coast, “there’s an explosion of social 
complexity” by the start of the 3rd millen- 
nium B.C.E., says Thornton. During about 
2700 B.C.E., at the start of what researchers 
call the Umm an-Nar culture, more elaborate 
multichambered stone tombs were built— 


Once on the rough open sea, however, the ship 


began to take on water in the stern, forcing sailors to 
abandon ship. By the next day, it had sunk completely. 
Ghidoni says that the pressure from ocean swells soft- 
ened the bitumen, creating gaps in the hull. “We sank 
because it was too flexible,” he says. Both he and 
Vosmer note that the team was under intense pressure 
to complete the project quickly, contributing to a fail- 
ure to spot design flaws. Vosmer, who admits that his 
errors played a role, says now that there was simply 
not enough data to recreate the vessel faithfully. 

As with any good experiment, the Magan III’s 
failure provided new insights. Ghidoni is no longer 
convinced that reed boats could weather the open 
sea, and he adds that bitumen was far too valuable a 
substance to slather liberally on merchant or fishing 
craft. Sewn-plank boats were more likely the vessel 
of choice, though finding the necessary woodineither 
Mesopotamia or Arabia would have been challenging. 


Trials at sea. The Magan III sank 
long before it reached India. 
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a River So far, cick no cara 
or in Oman or Mesopotamia—have been found. So the identi 
the Bronze Age sailors remains unclear. But for now, says Possehl 
dryly, “there are no more plans for reed boats.” 
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usually on a plain and sometimes faced 
with carefully dressed limestone quar- 
ried 30 kilometers or more from the site. 
These were typically common graves in 
which dozens—and occasionally more than 
100—bodies were interred over time; some 
tombs include valuable objects such as ivory 
combs, copper daggers and ornaments, gold 
diadems, silver, gold, carnelian beads, and 
Indus pottery—all signs of economic pros- 
perity and long-distance connections. 

Royal Ghazal, a University of Chicago 
graduate student working in Oman, says the 
common burials may reflect attempts to limit 
social stratification. Despite the wealth, there 
are few signs of the strict hierarchy typical 
of graves in ancient Egypt or Mesopotamia. 
There are only hints about Magan’s social and 
political structure in Mesopotamian texts, 
such as one in which Naram-Sin, leader of 
the Akkadian empire circa 2150 B.C.E., 
boasts of having captured several Magan 
cities as well as its king. He may have 
been a temporary leader, because the Umm 
an-Nar people apparently eschewed the 
hierarchical systems of contemporary 
Egypt and Mesopotamia in favor of strong 
clanlike organizations that still have their 
echoes in modern Oman. 

The tombs carry a wealth of information, 
but until recently, few settlement sites were 
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known that could provide important data 
on day-to-day life. Archaeologists now are 
focusing on the dozens of squat stone struc- 
tures strewn across the southern slopes of the 
Hajar. Bat hosts one of the largest concen- 
trations of these structures or towers, which 
average 20 meters across and a few meters 
high and include half-ton stone blocks. They 
usually have a well in their center and are fre- 
quently divided into small chambers. 
Possehl’s team is now conducting a thor- 
ough examination of three of the five towers at 
Bat as well as geomorphologic and archaeo- 
botanical studies of the area. Radiocarbon 
dates on charcoal and other organic mate- 
rial date the structures to between 2800 and 
2450 B.C.E. Thornton has found contempo- 
raneous buildings nestled against one tower. 


Archaeologists have variously theorized 
that the towers are fortified wells, watch- 
towers, platforms, or storage bins. Possehl’s 
team has recently shown that at least two at 
Bat were built over earlier Hafit settlements 
and that the tower architecture evolved over 
time. One of the later structures has vertical 
crenellations, the only decorative pattern 
seen on any Umm an-Nar towers. Thornton 
believes the structures are too low to serve 
as forts or watchtowers. Instead, he sees 
them as platforms used for public rituals, 
“a wonderful expression of social and polit- 
ical complexity.” 

Although lacking the cities and large 
populations in other parts of contemporane- 
ous southern Asia, the region shared remark- 
ably similar styles and goods. At Bisya, 
south of Bat, Jeffery 
and Jocelyn Orchard 
of the University of 
Birmingham in the 
United Kingdom 
are working at a site 
with more than a 
half-dozen towers, 
including one they 
believe had a spiral 
ramp that led to a 
long-vanished tem- 
ple, similar to the 
temple-topped zig- 


gurats of Mesopotamia. They postulate that 
the southern Hajar during the Umm an-Nar 
time was linked through a series of oasis 
towns, some 200 to 400 hectares in size. 

Possehl and Thornton, however, insist 
that the evidence for towns is still lack- 
ing. They see small settlements of farm- 
ers and pastoralists who impounded water 
for growing wheat, barley, and date palms 
and herded goats. Bat’s connection with the 
outside world is due in large part to geog- 
raphy, says Possehl: It lies at the conjunc- 
tion of a path over the Hajar to the northern 
coast of Oman and another that stretches 
from the Arabian Sea to the east to the Per- 
sian Gulf on the west. These trade routes 
connected Bat to the wider 3rd millennium 
B.C.E. network. 

The wealth of interior Oman derived 
from local, regional, and international trade 
centered on copper, limestone, the soft-stone 
called chlorite, and the hard-stone diorite 
favored by Sumerian sculptors. Along with 
Indus pots, carnelian beads manufactured 
in what is today western India are scattered 
across the southern Hajar. Perishable goods 
such as wine, oil, and grains were also likely 
part of that commerce, though their remains 
have yet to be proven. And by 2400 B.C.E., 
“Indus pottery is everywhere,” Thornton 
says, holding out a black-slipped sherd in 
the team’s nearby laboratory. 


Grave goods. A restored Umm an-Nar tomb at Bat 
demonstrates the skill of ancient stone workers. 
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Arabian sights. Possehl’s team digs near one of 
the tower structures at Bat. 


Whether this means that Indus traders or 
even potters traversed the arc between the 
Indian Ocean and the Persian Gulf is con- 
troversial. Pots may have been passed along 
from sites like R’as al Jinz, or Indus traders 
may have brought them along as they moved 
into the interior trading for copper. However 
it happened, “these people have incorporated 
Indus culture into their own,” says Charlotte 
Marie Cable of Michigan State University in 
East Lansing, who is part of Possehl’s team. 

Sophie Méry, an archaeologist at the Uni- 
versity of Paris who has closely studied Indus 
remains in Arabia, matched the clay used to 
manufacture the vessels with soil from the 
Indus area around Mohenjo Daro and to the 
south. Similar analyses demonstrate that other 
pots were fashioned from local clay in the 
Indus style, “but the [Hajar] potters did not 
master the techniques of wheel throwing as 
the Indus potters did.” She finds it unlikely that 
itinerant Indus potters or traders were making 
their way across Oman. “I see local networks 
passing goods on rather than Indus caravans,” 
she says. Others agree. “We don’t imagine 
Indus traders traveling inland,’ says archaeol- 
ogist Hans-Peter Uerpmann of the University 
of Tiibingen in Germany, who is digging in 
the UAE. But Possehl says that the occasional 
Indus donkey caravan might have worked 
its way from oasis to oasis. And Daniel Potts 
of the University of Sydney in Australia 
thinks it “very likely” that Indus agents as well 
as local traders were involved in the Arabian 
economy. The only agreement is that there is 
not enough data yet to say for sure. 

Even if ancient sailors had mastered the 
seas, why not sail directly from India into 
the Persian Gulf, bypassing the challenging 
overland route via Bat? Thomas Vosmer, an 
expert in ancient boats who lives in Oman, 
says that contrary winds make it difficult for 
rudimentary sailing ships to pass through the 
Strait of Hormuz (see map, p. 1093). And 
Possehl argues that Oman’s copper and other 
minerals made it worthwhile for at least a 
limited number to traipse across the paths 
connecting the oases. To him, the oasis path 
is a “portage,” a land crossing between the 
two bodies of water. 


Broken hinge 

Whether Indus traders physically made 
that trek, there is a consensus among archae- 
ologists that the corridor was an impor- 
tant element in the economic circuit of the 
3rd millennium B.C.E., funneling raw mate- 
rials to Mesopotamia and serving as a trans- 
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shipment point for Indus goods. On the Per- 
sian Gulf coast, at the site near Abu Dhabi 
called Umm an-Nar which gave the culture 
its name, inhabitants built a dozen stone 
houses dating to about 2500 B.C.E., worked 
copper into usable products, and weighed 
their goods with a collection of weights cor- 
responding with northern Syrian standards. 
Along with Indus pottery, archaeologists 
found the impression made by a northern 
Syrian cylinder seal, demonstrating links 
with that distant area. 

At other sites such as Tell Abraq, far- 
ther north on the coast, locals built a tower 
40 meters in diameter between 2200 and 


Shell game. Marcucci shows off finds at the R’as al Hamra 
coastal site near Oman’s capital. 


2000 B.C.E. Artifacts testify to links with 
eastern Iran, Central Asia, Bahrain, the 
Indus, and Mesopotamia in the late 3rd mil- 
lennium B.C.E., as well as with important 
settlements in the interior such as Hili, which 
is strategically set between Bat and Umm 
an-Nar. Several Persian Gulf sites include 
scatterings of Indus pottery, a likely sign 
of visiting trading boats. These settlements 
were clearly tied to the ancient emporium 
of Dilmun, an area mentioned frequently 
in Mesopotamian texts that likely thrived 
in today’s Bahrain and the adjacent Saudi 
Arabian coast between Oman and Iraq, 
explains Harvard’s Steinkeller. 

Tell Abraq continued as a modest port 
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until 500 B.C.E., but most of the other sites 
along the Hajar corridor underwent a dra- 
matic change during about 2000 B.C.E. 
“They fell like dominoes,” says Uerpmann, 
though no one knows just why. The impor- 
tant Mesopotamian city of Ur surrendered 
to invaders at that time, and trade circuits 
across southwest Asia appear to have dis- 
integrated quickly. Iranian cities collapsed, 
and the Indus civilization soon fell into 
ruin. A drying climate, increased warfare, 
and an unstable economic system may have 
been factors. 

Adrian Parker, an archaeologist at Oxford 
Brookes University, Headington, in the 
U.K., sees evidence of a “mega- 
drought” in eastern Arabia dur- 
ing about 2000 B.C.E., based in 
part on unpublished data show- 
ing that vegetation vanished 
and sand dunes began to move 
and grow. “The extreme cli- 
mate would have had significant 
impact on the copper trade and 
routes from the Hajar to Meso- 
potamia,” he says. Those data 
match a radical change in life 
apparent in Oman and the UAE 
excavations, where the Umm an- 
Nar tradition gives way to the 
Wadi Suq culture at the start of 
the 2nd millennium B.C.E. Indus 
pottery in the interior nearly van- 
ishes. Tombs are cruder and have 
fewer grave goods than the pre- 
ceding two periods. Locals casu- 
ally robbed stones from earlier 
tombs to house their own dead, 
which Thornton argues demon- 
strates a dramatic cultural break 
with the past. 

Within a century or two, east- 
ern Arabia reverted to a simpler 
culture based on agriculture and 
herding, largely cut off from the 
outside world. When an Arabian revival 
came 1000 years later, it was centered far 
to the west on the lucrative incense trade 
that moved up the peninsula via Yemen to 
the Near East (see sidebar, p. 1099). Not 
until medieval times did the area around 
Oman once again participate so fully in 
the global economy. But for that brief mil- 
lennium in the Bronze Age, this area long 
ignored by archaeologists was a key player 
in the emergence of the first civilizations. 
“There is so much back and forth,” says 
Thornton, tucking his sherds back into a 
plastic bag at the Bat dig house. “It is much 
more complicated than we thought.” 

-ANDREW LAWLER 
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MUSCAT, OMAN—Until 1970, Oman rivaled 
Tibet as one of the world’s most inacces- 
sible countries. Even the renowned British 
explorer Wilfred Thesiger, who spoke flu- 
ent Arabic and traveled on camel with Bed- 
ouins, was barred from the country 20 years 
earlier. Few nations on Earth have changed 
so dramatically since. The sultanate, run by 
the monarch Qaboos bin Said for the past 
40 years, now welcomes not only investors 
eager to benefit from the country’s oil rev- 
enues but also archaeologists seeking to 
study everything from medieval forts to 
evidence of early oceangoing ships. 

A dozen foreign teams are at work in this 
boomerang-shaped nation, which was a sur- 
prisingly sophisticated player in global trade 
4000 years ago and also the center of the 
incense trade (see sidebar, p. 1099). Research- 
ers are taking advantage of a stable political 
system, generous help from the central gov- 
ernment, and a landscape that until recently 
was remarkably unmarred by modern devel- 
opment. “Here all is visible and untouched; 
you can find 5th and 4th millennium B.C.E. 
sites everywhere,” marvels Maurizio Cattani, 
a Paris-based archaeologist and dig director 
at R’as al Hadd on the country’s east coast. 
“The whole country from north to south 
is full of archaeological remains,” agrees 
Hassan Mohammad Ali al-Lawati, Oman’s 
director general of archaeology and muse- 
ums at the Ministry of Culture. “We call 
ourselves a virgin country.” 

Yet the quickening pace of develop- 
ment threatens many sites, and local cham- 


pions of archaeology are few and politically 
vulnerable. “We don’t want to be called anti- 
development,” al-Lawati says during an inter- 
view in his Muscat office. 

All the same, Oman today is an oasis of 
Arabian archaeological research. Wary of 
outsiders, its larger neighbor Saudi Arabia, 
with which Oman shares a long border and 
large oil reserves, grants few excavation per- 
mits to foreigners, although that country has 
its own cadre of domestic archaeologists. 
Meanwhile, political troubles restrict exca- 
vations in countries from Yemen to Iran. The 
United Arab Emirates welcomes archaeolo- 
gists, but its borders are limited largely to 
the Persian Gulf shore. Oman, by contrast, 
not only is vast and archaeologically diverse 
but also helps foreign teams financially. “We 
provide logistical support, accommodations 
in Muscat, workers, cars, petrol, and labor” 
to supplement funds provided by outside 
teams, says Biubwa Ali Al-Sabri, who heads 
the excavation and archaeological depart- 
ment at the ministry. She says that interest in 
excavating in Oman has increased dramati- 
cally since the 1980s. 

But development has also increased 
dramatically since that time. New high- 
ways, urban sprawl, copper mining, and 
beach resorts are the primary threats. 
Al-Lawati says his ministry, which over- 
sees archaeology, is in a delicate position. 
“We need schools and roads. And at the 
same time, we don’t want to be soft and 
spoil our archaeological heritage. But 
there are a lot of stakeholders.” 


Those stakeholders include a host of 
influential members of the government. 
Several are building seaside villas on a dra- 
matic cape called R’as al Hamra, just a short 
drive from al-Lawati’s office at the Ministry 
of Culture’s headquarters in Muscat. A large 
new home is rising there on a Sth millennium 
B.C.E. village that provided the country’s 
earliest evidence of copper, Oman’s signa- 
ture export. In the surrounding few hectares, 
10 of 12 prehistoric sites have been destroyed 
in recent years. One of the surviving sites 
bordered a mangrove swamp and was difficult 
to develop; the second was slated to be part 
of a luxury-home community until Ital- 
ian archaeologists made a media fuss that 
stopped the project in 2005. 

On that site—now perched next to a lux- 
ury hotel—a team led by Lapo Marcucci of 
the Italian archaeological mission in Oman 
found 120 graves, nine phases of occupa- 
tion, and important insights into the transi- 
tion from a hunter-gathering culture to the 
more sophisticated Hafit culture that 
emerged at the end of the 4th millennium 
B.C.E. This and the other remaining site, 
which dates from 1000 years earlier, may 
soon form the nucleus of an innovative 
archaeological park proposed by a team of 
Italian architects and landscape designers. 
Al-Lawati says he hopes to win government 
approval this year to spend $1.3 million on 
the first phase of the project. And he cites 
other successes, such as preventing con- 
struction of a copper mine that would have 
destroyed several prehistoric settlements 
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R’as al Hamra (on promontory to right). 


and ensuring that a new highway from Mus- 
cat to Sur avoided archaeological sites, even 
at the cost of millions of dollars and months 
of construction time. 

Such efforts are hampered in part by 
the lack of homegrown archaeologists. The 
university in Muscat, the country’s leading 
academic institution, closed its archaeology 
degree program decades ago and now offers 


ARABIA'S ANCIENT CROSSROADS. _| NEWSFOCUS 


only the occasional course. Those interested 
in pursuing degrees must go abroad. Two 
Omani archaeology teams are at work, but 
their efforts are dwarfed by those of foreign 
groups. “We are trying to put together a plan 
with the Ministry of Education” to reestab- 
lish a program, al-Lawati says. 

One foreign scientist, who requested 
anonymity, says archaeology in Oman suf- 
fers from a tradition of ministries run like 
fiefdoms, limiting cooperation. With its rel- 
atively small budget and political pull, the 


Ministry of Culture is among the least influ- 
ential parts of the government. “We always 
get the smallest share,” al-Lawati acknowl- 
edges. But he is also confident that new rules 
requiring archaeological surveys before 
construction, along with the introduction of 
archaeological parks, will boost awareness 
of the country’s rich past. A dose of national 
pride may help as well. “We once had an 
important civilization,’ says Al-Sabri. “And 
we need to know more.” 

-ANDREW LAWLER 
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Hot on the Incense Trail 


SALALAH, OMAN—A cool mist hangs over the Dhofar Moun- 
tains close to the Yemen border, turning bare hillsides an English- 
meadow green as the rest of Arabia swelters in the summer heat. It 
is this moisture, the only finger of the Asian monsoon to touch the 
peninsula, that makes these mountains the perfect habitat for the 
scraggly frankincense tree, which oozes a gooey and aromatic resin 
when cut. The tree grows only in this Dhofar region of Oman, its 
likely ancestral home, and parts of Yemen and Somalia. 
Frankincense was the ancient world’s most lucrative product, essen- 
tial in temple rituals throughout the Mediterranean and Southwest Asia, 
prescribed by doctors for digestive problems, and turned to ash for eye- 
liner among Egyptian gentry. Yet the origin of its trade remains only 
dimly understood, in part because the mostly nomadic inhabitants here 
closely guarded their secret and left few artifacts and no texts behind. 
Researchers long assumed that the frankincense trade did not flourish 
until 1000 B.C.E. or later. But a country now welcoming archaeolo- 
gists is providing an unusual combination of textual evidence, remote- 
sensing data, and careful excavations (see main text, p. 1098). The data 
suggest that the trade sprang up far earlier, says archaeologist Juris 
Zarins, who lives in Dhofar’s sleepy provincial capital, Salalah. 
‘According to Zarins, long-distance trade itself—in seashells— 


Precious resin. Incense was made from the frankincense b 


tree and burned as early as 2200 B.C.E. (inset). 
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‘i q Digging deep. Dhofar’s deputy governor, Sheikh 
Suhaiyl Musallam al-Rojdi (eft) examines dig b 
McCorriston’s team. - 


began here as early as the 5th or 6th millen- 
nium B.C.E. Then, far to the northeast at R’as 
al Jinz, Italian excavators found what appears to 
be a frankincense burner dating to about 2200 
B.C.E. Resins from Egyptian tombs date to 
about this time and may signal maritime con- 
nections across the Red Sea. For overland travel, 
donkeys, which by this period were in use, may 
have made the journey north. And Mesopota- 
mian texts from this same era mention a trade in 
“aromatics,” likely frankincense. 

By the height of the Umm an-Nar period 
at the end of the 3rd millennium B.C.E., when 
Indus goods were arriving in Arabia and 
Omani copper was being shipped to Meso- 
potamia, distant Dhofar and its frankincense 
seem to have been part of the first international trade system (see 
p. 1092). “There’s abundant evidence of goods exchange,” says 
Joy McCorriston of Ohio State University in Columbus. She and 
her colleagues are mapping thousands of uncataloged tombs in the 
region to gather data on population and trade routes. 

Both teams are finding evidence that Dhofar’s frankincense made 
ita player in the early economic network. But even as that origin comes 
to light, the 4-millennia-old tradition is nearing its end. The stalls 
of Salalah today are still filled with bags of frankincense. But buyer 
beware. “Now it all comes from Somalia,” says Zarins. -A.L. 
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The Coastal Indus Looks West 


Fortified coastal settlements suggest that the Indus Civilization, once considered 
an insular society, shipped goods to the east 


DHOLAVIRA, INDIA—Most of the year, this 
small island near the Pakistan border is sur- 
rounded by thick salt flats in the estuary 
called the Rann of Kutch. In late January, the 
midday heat is already intense, and the land 
is brown and barren. Yet more than 4000 
years ago, architects and engineers designed 
a vast city here with high stone battlements, 
deep wells, huge water basins, and wide 
and straight streets. Extending over 100 
hectares and excavated only in the 1990s, 
the site was clearly an important metropo- 
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lis during the height of the Indus River, or 
Harappan, civilization. 

And yet Dholavira is hundreds of kilome- 
ters from the cities long considered the heart 
of the Indus River Valley civilization, Harappa 
and Mohenjo Daro, which lie far upstream on 
the Indus River in modern-day Pakistan. But 
recent digs and surveys in India’s western- 
most province of Gujarat show that sites like 
Dholavira may be the critical link between the 
heart of the Indus and Arabia and Mesopota- 
mia in the 3rd millennium B.C.E. At a recent 
conference in the 
nearby city of Bhuj, 
archaeologists com- 
pared notes on the 
mounting evidence 
that this area played 
an important role in 
long-distance trade at 
the dawn of civiliza- 
tion. “There are more 
than 60 Harappan 
sites in Kutch,” says 
Y. S. Rawat, head of 
archaeology in Guja- 
rat Province. “Most 
are near the coast, 
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Indus passports? Kanmer’s odd-shaped pendants 
may have been related to trade and travel. 


and some are heavily fortified.” 

There’s no doubt there were maritime con- 
nections; Indus seals and artifacts have been 
found on the Arabian coast and in Sumerian 
port cities like Ur (see p. 1092). And although 
evidence of foreign material in Indus sites 
is scarce, seals from the area around today’s 
Bahrain on the Persian Gulf coast have been 
found at a small site called Lothal, 50 kilome- 
ters east of Dholavira and 270 kilometers from 
Mohenjo Daro. In 1954, Indian excavators 
here unearthed a massive brick-lined basin 
that they claimed was a harbor bordered by 
warehouses. Twice as long as a football field 
and nearly 40 meters wide, the structure was 
built in the second half of the 3rd millennium 
B.C.E., the heyday of trade with the West. But 
many Western archaeologists don’t think it 
was a harbor. “It was a tank” for storing water, 


q Shifting currents. Sites in the province of Gujarat in western India 
are yielding new data on Indus life and trade. 
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Playing defense. Kanmer’s thick walls protected 
the small settlement from prying eyes. 


insists Gregory Possehl, an archaeologist at 
the University of Pennsylvania. An Italian 
team led by Dennys Frenez of the University 
of Bologna in Italy hopes to resolve the mat- 
ter; recently, they found hints that a wide canal 
connected the basin with the sea, supporting 
the port theory. 

Meanwhile, a team of Japanese and Indian 
excavators is focusing on a fortified village 
called Kanmer that likely housed between 
400 and 500 people during its heyday between 
2600 B.C.E. and 1900 B.C.E. Behind 
20-meter-thick and 10-meter-high walls, resi- 
dents were busy making tens of thousands of 
beads from many kinds of stones, such as car- 
nelian, lapis, and agate, which were used in 
jewelry exported across the region. They also 
found three unique round pendants carrying 
Indus script and the familiar Indus image of 
the unicorn. Dig director Toshiki Osada, an 
archaeologist with Kyoto’s National Institutes 
for the Humanities, believes the pendants 
might be a kind of passport used in trade. 

In recent years, dozens of Indus sites 
have come to light in this coastal area, 
which was once considered on the distant 
periphery of the Indus. Most are modest 
in size like Kanmer. “We’re finding small 
sites with massive fortifications, where raw 
materials are stored,” says Osada. He sug- 
gests that these settlements were an impor- 
tant link in the chain of commerce reach- 
ing from the Himalayas to Mesopotamia. 
Such fortifications are rare elsewhere in 
the Indus. Kuldeep Bhan of India’s Maha- 
raja Sayajirao University of Baroda, who is 
excavating a nearby site called Shikarpur, 
says that the fortifications could be a sign 
of conflict with locals who refused to adopt 
Indus ways, or the walls may have helped to 
protect goods from attackers by land or sea. 
“Craft may have been heavily controlled,” 
he says. Even today, Bhan notes, there are 
closely held secrets in Gujarati bead produc- 
tion. Just as excavators in Arabia are seeking 
the port where Indus traders unloaded their 
pots, Bhan hopes to find clear evidence of 
maritime life at Shikarpur, which sits within 
a few kilometers of the sea. He has found a 
dozen or so Indus seals but is on the lookout 
for material that might hint at the multicul- 
tural nature of a port town. One of the great 
mysteries of the 3rd millennium B.C.E. is 
who built and sailed the ships that connected 
the Indus, the Persian Gulf, and Mesopota- 
mia. Excavators like Bhan hope this harsh 
landscape will soon reveal their identities. 

-ANDREW LAWLER 


PROFILE: MAURIZIO TOS! 


ok ‘The Cobra’ Uncovers Ancient Civilizations— 
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~ ideas about interconnected societies. 


_ of the French National Center for Scientific 
3 Research in Paris began to work in Oman in the 
1980s, they abandoned the old way of seeing 


~ And Cold War Political Secrets 


He told colleagues he was looking for ancient lapis lazuli mines. But when Maurizio Tosi crossed 
into Afghanistan at the height of the war between the Soviet Union and the mujahedin in 1984, 
his real goal was to locate wooden boxes that had once contained American-supplied Stinger mis- 
siles. Those missiles threatened Soviet helicopters, and Moscow was eager to trace the route they 
had taken into Pakistan. 

As Tosi tells it, Soviet operatives asked him to investigate, and the dutiful Marxist, who is also a 
University of Bologna professor, went to Pakistan and crossed by car into southern Afghanistan, then 
controlled largely by rebels. Instead of Stinger boxes, however, he saw only masses of child graves, and 
he decided to swear off the spy business, in which he had participated off and on for 2 decades. 

Tosi has been a peripatetic and influential archaeologist, excavating from Iran to Sicily and 
shaping new ideas about how humans first began to live in cities and trade over vast areas. As a 
young man, he dug at Shahr-i Sokhta in southeastern Iran, exposing one of the world’s largest 
urban centers in the 3rd millennium B.C.E., far from the known big-three civilizations of Egypt, 
Mesopotamia, and the Indus. And in 1981, he discovered Indus material in Oman, sparking a rev- 
olution in archaeology in that country, and he continues to study connections between the Indus 
and Arabia (see main text, p. 1100). 

The son of a senior government official in Mussolini's fascist Italy, Tosi turned communist as a teen- 
ager in Rome during the 1960s and studied paleontology and archaeology. By then, he says, he had 
already been recruited by the Cominform, the ; 
organization that coordinated efforts among 
Soviet-influenced communist parties. Tosi says 
he only performed “four or five operations.” 
But the communist connection also served his 
professional life. A 1969 visit to Moscow intro- 
duced him to Soviet archaeologists who were 
making important discoveries in Central Asia, 
contacts that proved influential in Tosi’s later 


When Tosi and the late Serge Cleuziou 


the emergence of civilization from a center to 
a periphery. Instead they postulated a network 
of linked societies including Mesopotamia, 
Arabia, Central Asia, and the Indus, each with 
a unique culture but sharing goods, ideas, and 
technologies. Tosi helped create a regular con- 
ference to discuss what he named the Middle 
Asian Interaction Sphere, and the idea, once 
considered fringe, is now mainstream. 

Tosi’s politics, sharp mind, many wives 
(including a former Soviet political commis- 
sar), and often-brusque personality make him 
a controversial figure. “A brilliant monster,” says one colleague, who declines to be named. Although 
he has many enemies, few dispute his intellectual capacity. Tosi revels in what he claims is his nick- 
name in the field—the cobra. In his many intellectual contests, he claims victory. “I've been in so 
many battles and never lost a fight,” he boasts. 

“Maurizio’s contributions have been immense,” says archaeologist Philip Kohl of Wellesley Col- 
lege in Massachusetts. “He's one of the smartest and most knowledgeable persons I've ever met, but 
| also feel he could have accomplished even more if he had control over his personal life. But then he 
wouldn't be Maurizio.” 

A heart operation has slowed Tosi of late, but during a recent visit to India he was busy organizing 
a meeting to bring modern experts in port facilities together with archaeologists to understand how 
ancient Indus harbors may have operated—and by so doing, forge economic connections between 
today’s Italy and India. “You must have an open mind,” says Tosi. “I'm just curious.” -A.L. 


Cold warrior. Tosi successfully lobbied for a new 
view of ancient Asia. 
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Choice and testing 
won't do 
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edited by Jennifer Sills 


Male Mice Not Alone in Research 


THE NEWS FOCUS STORY BY C. WALD AND C. WU, “OF MICE AND WOMEN: THE BIAS IN ANIMAL 
models” (26 March, p. 1571), is one-sided. We agree that the choice of animal model requires 
care and that extrapolating data from one sex to the other can be misleading. However, we 
disagree with their statement that researchers use predominantly male mice because they are 
“cheaper and easier to work with.” 

First, many factors influence the choice of research subject. The most obvious are inher- 
ent differences in behavior (males fight) and physiology (female hormonal fluctuations); cost 
(more animals cost more money); and the incidence of strain-specific disorders (such as cancer 
and epilepsy). Our collective experience is that many researchers select less aggressive females 
because they can be group-housed to save money. This female bias will persist indefinitely 
given financial constraints on basic biomedical research, 

especially in academic laboratories. 

Second, “best practice” by U.S. federal regulatory 
agencies and research institutes as well as indus- 
try already requires that animal data used to pre- 
dict human responses be obtained from both sexes. 
Examples include analysis of genetically engi- 
neered animals for translational medicine (/) and 
preclinical studies to investigate chemical carcino- 
genicity (2) or to develop new drugs (3) and pesti- 
cides (4). Definitive information on the role of gender 
in human disease must be obtained in humans because 
of intrinsic interspecies physiological differences, but animal 

studies remain the essential foundation for designing rational human clinical trials. 

Contributing to the issue of identifying whether there is a male or female bias in mod- 
ern biomedical research is the consistent failure of researchers to report the critical experi- 
mental details—age, sex, strain or stock (with correct nomenclature), animal source, hus- 
bandry conditions, and health status—that are necessary to interpret studies. Including 
experienced comparative pathologists as co-investigators or journal reviewers [such as 
those recruited through the Center for Genomic Pathology (http://ctrgenpath.net)] would 
substantially enhance study designs and the credibility of data acquisition, analysis, inter- 
pretation, and reporting. 


BRAD BOLON,** STEPHEN W. BARTHOLD,? KELLI L. BOYD,? CORY BRAYTON,* ROBERT D. CARDIFF,” 
LINDA C. CORK,> KATHRYN A. EATON,* TRENTON R. SCHOEB,’ JOHN P. SUNDBERG,? JERROLD M. WARD? 
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95616, USA. *Vanderbilt University Medical Center, Nashville, TN 37232, USA. “Johns Hopkins University School of Medi- 
cine, Baltimore, MD 21205, USA. *Stanford University School of Medicine, Stanford, CA 94305, USA. *University of Michi- 
gan Medical School, Ann Arbor, MI 48109, USA. ’University of Alabama at Birmingham, Birmingham, AL 35294, USA. ‘The 
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African Researchers 


Underrepresented 


| READ WITH INTEREST THE NEWS FOCUS 
story “In the shadow of Jane Goodall” (J. 
Cohen, 2 April, p. 30). I was fascinated by 
the progress in behavioral research but dis- 
concerted to learn that, 50 years after this 
research began, only | of 18 long-term chim- 
panzee and bonobo research sites has a lead 
researcher who is an African scientist. In addi- 
tion, only one up-and-coming African field 
manager was profiled in the article. It is pos- 
sible that some of the foreign research leaders 
are Africans based elsewhere, but the overall 
picture is one of the foreign dominance that 
has persisted for generations. This unfortu- 
nate picture casts conservation efforts that 
accompany research as externally imposed, 
thereby undermining their effectiveness. It is 
also self-perpetuating, creating few role mod- 
els for younger African scientists. 

This situation withchimpanzeeandbonobo 
field research is sadly reflective of many areas 
of science in Africa (/, 2). Because of its long 
history and impressive growth, this example 
suggests that the lopsidedness of research 
leadership in Africa will not be corrected 
by the traditional research apprenticeship 
model. Projects necessarily located in Africa 
must build local human resources to the high- 
est level, even if this means that they will lose 
their most valued trainees to new, Africa-led 
projects. Generating local leaders must be a 
deliverable goal for such projects and one in 
which funders of long-term research projects 
need to be invested. 

IRUKA N. OKEKE 


Department of Biology, Haverford College, Haverford, PA 
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REDD+: Property Rights 
and Liability 


IN THEIR POLICY FORUM “DOES REDD+ 
threaten to recentralize forest governance?” 
(16 April, p. 312), J. Phelps et al. note that 
a national approach to Reducing Emissions 
from Deforestation and Forest Degradation 
(REDD+) could reverse the gains made 
from decentralization. However, a national 
approach is still some way off—instead, 
the current, rapid roll-out of REDD+ pilot 
projects (/) is likely to dominate the pol- 
icy agenda in the next few years. For many 
REDD+ host countries, a “nested” approach 
may emerge, which incorporates both 
project- and national-level approaches (2). 
Rather than see a national approach as a 
threat, it should be viewed as an opportunity 
to strengthen, innovate, and extend decen- 
tralized approaches to governance. 

The possible inclusion of REDD+ in a 


future global compliance system will neces- 
sitate clearly defined and allocated REDD+ 
carbon rights with liability assigned for possi- 
ble future carbon release into the atmosphere. 
Assigning liability is not only a precondition 
for carbon credit fungibility, but is also cru- 
cial for ensuring permanence (3). Under a 
project-based approach, REDD+ rights could 
be allocated to local actors such as land- 
owners, farmers, and communities who could 
then trade these rights. Given the widespread 
existence of common property regimes in 
tropical forest areas (4), serious consideration 
should be given to the creation of common 
property carbon rights. Ultimate liability for 
carbon reversal will, however, most likely be 
assigned to REDD+ credit purchasers—.e., 
Annex I countries or firms—if a future com- 
pliance system follows the principles as laid 
out in the Kyoto Protocol (5). Where carbon 
rights are assigned to governments under a 
national approach, liability could potentially 


TECHNICAL COMMENT ABSTRACTS 


Comment on the Paleobiology and Classification of Ardipithecus ramidus 


Esteban E. Sarmiento 


White and colleagues (Research Articles, 2 October 2009, pp. 64-106 and www.sciencemag.org/ardipithecus) 
reported Ardipithecus ramidus as an exclusive member of the human lineage post—African ape divergence. However, 
their analysis of shared-derived characters provides insufficient evidence of an ancestor-descendant relationship 
and exclusivity to the hominid lineage. Molecular and anatomical studies rather suggest that Ar. ramidus predates 
the human/African ape divergence. 

Full text at www.sciencemag.org/cgi/content/fulV328/5982/1105-b 


Response To Comment oN the Paleobiology and Classification of Ardipithecus 
ramidus 


Tim D. White, Gen Suwa, C. Owen Lovejoy 


We assigned Ardipithecus to the Hominidae based on numerous dental, cranial, and postcranial characters. 
Sarmiento argues that these characters are not exclusive to hominids, contending that Ardipithecus is too old to be 
cladistically hominid. His alternative phylogeny, however, is unlikely because it requires tortuous, nonparsimonious 
evolutionary pathways. 

Full text at www.sciencemag.org/cgi/content/full/328/5982/1105-c 


Comment on the Paleoenvironment of Ardipithecus ramidus 


Thure E. Cerling, Naomi E. Levin, Jay Quade, Jonathan G. Wynn, David L. Fox, John D. Kingston, 
Richard G. Klein, Francis H. Brown 


White and colleagues (Research Articles, 2 October 2009, pp. 65-67 and www.sciencemag.org/ardipithecus) char- 
acterized the paleoenvironment of Ardipithecus ramidus at Aramis, Ethiopia, which they described as containing 
habitats ranging from woodland to forest patches. In contrast, we find the environmental context of Ar. ramidus 
at Aramis to be represented by what is commonly referred to as tree- or bush-savanna, with 25% or less woody 
canopy cover. 

Full text at www.sciencemag.org/cgi/content/full/328/5982/1105-d 


Response To Comment on the Paleoenvironment of Ardipithecus ramidus 
Tim D. White, Stanley H. Ambrose, Gen Suwa, Giday WoldeGabriel 


Cerling et al. contest our interpretation of the woodland habitat preference of Ardipithecus ramidus. However, their 
reconstruction of a predominantly open grassy environment with riparian woodlands is inconsistent with the total- 
ity of the fossil, geological, and geochemical evidence. In the Middle Awash, Ar. ramidus fossils are confined to the 
western half of the sampled Pliocene landscape where the species is associated with woodland to grassy woodland 
habitat indicators. 

Full text at www.sciencemag.org/cgi/content/full/328/5982/1105-e 
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be shared between REDD+ host governments 
and government buyers (6). 

The inability to assign liability for car- 
bon reversals to local actors participating 
in project-level activities therefore implies 
a need for state involvement at some level 
if these activities are to be more effective 
in preventing future carbon reversal. Given 
that decentralization reforms involve a 
transfer of rights to forest land and resources 
to local actors, it could be tailored toward 
more effective REDD+ policy. In a collab- 
orative management (or co-management) 
framework, for example, state authorities 
and local actors share both the management 
of and the benefits from forest resources (7). 
Hence, liability for carbon reversal could 
lie with the state, whereas additional incen- 
tives, such as REDD+ payments for envi- 
ronmental services, could be transferred to 
local actors in order to capture the forest car- 
bon externality. 

CHARLES PALMER 
Department of Geography and Environment, London School 
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UK. E-mail: c.palmer1@lse.ac.uk 
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Verdict Still Out 
on Biotech Crops 


THE TITLE OF THE NEWS OF THE WEEK STORY 
“Biotech crops good for farmers and environ- 
ment, Academy finds” (E. Stokstad, 16 April, 
p. 295) gives the impression that the verdict 
is in after an unprecedented comprehensive 
assessment by a National Research Council 
committee studying the sustainability impacts 
of genetically engineered (GE) crops on U.S. 
farms. As the chair of that committee and a 
scientist who has studied these issues since 
1996, I can assure you that it is not. 

The committee did indeed find that many 
farmers planting current GE soybean, cotton, 
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and corn varieties have received substantial 
economic and environmental benefits from 
using the first generation of these GE crops. 
However, as the News story mentions but 
does not sufficiently emphasize, the report 
also stresses that these benefits are not uni- 
versal across farms, some may decline over 
time, and potential benefits and risks may 
become more numerous as the technology 
is applied to more crops. There are substan- 
tial gaps in our knowledge about the longer- 
term environmental, economic, and social 
effects of current and future GE crops. For 
example, it is critical that we undertake 
intensive research to understand the evolu- 
tion of weed and insect resistance at a land- 


Letters to the Editor 


Letters (~300 words) discuss material published 
in Science in the previous 3 months or issues of 
general interest. They can be submitted through 
the Web (www.submit2science.org) or by regular 


mail (1200 New York Ave., NW, Washington, DC 
20005, USA). Letters are not acknowledged upon 
receipt, nor are authors generally consulted before 
publication. Whether published in full or in part, 
letters are subject to editing for clarity and space. 


scape scale and the salient social issues sur- 
rounding the technologies. 

The central take-away message should 
not be that current GE crops are ushering in 
a sustainable agriculture in the United States. 
Rather, the report’s recommendations make 
clear that new information on the full spec- 
trum of sustainability impacts of GE crops 
should be pursued vigorously to assure prog- 
ress toward that worthy social goal and avoid 
unanticipated risks. 

DAVID ERVIN 


Departments of Economics and Environmental Manage- 
ment, Portland State University, Portland, OR 97207, USA. 
E-mail: dervin@pdx.edu 


Immunology Programs 
Must Include Sepsis 


THE NEWS FOCUS STORY “IMMUNOLOGY 
uncaged” (M. Leslie, 26 March, p. 1573) 
rightly highlights the need to develop human 
immunology programs. One day we will be 
able to better assess the immune system and 
adapt treatment to our patient’s condition. 
HIV, sclerosis, and cancer will be ideal can- 
didates for this approach. However, I must 


underline the desperate need to include sep- 
sis—a condition characterized by cataclys- 
mic immune dysfunction—in the list. 

There are nearly one million cases of 
sepsis annually in the United States, and 
sepsis mortality has remained constant over 
the years (up to 40 to 50% in septic shock) 
(/, 2). Anti-inflammatory trials have failed, 
most likely because they have been extrap- 
olated from observations made in mice that 
inadequately mirror the immune response 
occurring in humans (3). 

The success of future trials relies on our 
capacity to minutely and globally assess the 
immune system. We need a human immunol- 
ogy sepsis program that includes cytokine 
measurement, flow cytometry, microarrays, 
and functional testing—as reported by Les- 
lie—to define targeted individualized therapy. 

GUILLAUME MONNERET 
Cellular Immunology Laboratory, Hospices Civils de Lyon, 
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EDUCATION 


A Reformer's Change of Heart 


William J. Reese 


ver the past generation, few insti- 
Oise in American society have 

received closer scrutiny and more 
condemnation from politicians and reform- 
ers of every stripe than the 
public schools. While most 
institutions—banks, insur- 
ance companies, and cor- 
porations come to mind— 
seem far removed from 
public control, schools 
attract special attention 
because of their expansive 
social reach and osten- 
sible capacity for reform. 
Reformers on the left expect schools to level 
the playing field for the poor and disadvan- 
taged; those on the right complain about taxes 
and pupils’ low performance on standard- 
ized tests. Legally established by the states 
but controlled by over 13,000 independent 
districts, public schools number in the tens 
of thousands and enroll around 50 million 
pupils. Their abundance generates a surfeit 
of anecdotes about their nature and statistics 
on achievement for the reading, blogging, and 
viewing public. Much of the news is critical 
and unkind to pupils and teachers, who seem 
unable to address America’s many deep-seated 
problems, from racial segregation to the ane- 
mic state of academic achievement. 

Since their origins in the pre-Civil War 
North, politicians and educators have viewed 
public schools as a panacea for the ills of 
society. The greatest early advocate of tax- 
supported schools, Horace Mann of Mas- 
sachusetts, claimed in 1848 that the schools 
were the “great equalizer of the conditions of 
men—the balance wheel of the social machin- 
ery.” Expected to assimilate immigrants 
and teach Christian morality and basic sub- 
jects, the schools have long been a basic part 
of American society, still enrolling around 
90% of all eligible youth from kindergarten 
through high school. But, as Diane Ravitch 
explains in her feisty analysis of contempo- 
rary market-based educational reforms, the 
schools that long stood the test of time are at 
a crossroads. Greater privatization of the sys- 
tem seems imminent. 

A prominent historian, policy-maker, and 
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The Death and Life of the Great 
American School System 
How Testing and Choice Are 


Undermining Education 
by Diane Ravitch 


Basic Books, New York, 2010. 293 pp. 
$26.95, C$33.95. ISBN 9780465014910. 


public intellectual, Ravitch long aligned her- 
self with conservative school critics but has 
had a change of heart. The Death and Life 
of the Great American School System is part 
memoir, explaining her 
shifting position on mar- 
ket solutions to educa- 
tional problems, and part 
jeremiad, warning readers 
about the ill effects of “No 
Child Left Behind” (2002), 
landmark federal legisla- 
tion endorsed by Kennedy 
liberals and George W. 
Bush Republicans alike. 
With the appointment of Arne Duncan as the 
Secretary of Education, the Obama Admin- 
istration has swallowed whole the prevailing 
ideology about the salutary influence of mar- 
kets and choice, originally concocted by liber- 
tarians, neoconservatives, and Republicans. 
Ravitch’s engaging book documents her 
own political odyssey. A lifelong Democrat, 
she joined the administration of George H. 
W. Bush in an important post in the Depart- 
ment of Education and affiliated with activ- 
ists enamored with various forms of “school 
choice.” The collapse of communism and end 
to the Cold War made market ideals alluring 
across the political spectrum. By the 1990s, 
she notes, Bill Clinton’s Democratic Leader- 
ship Council embraced more market-based 
reforms, especially charter schools (privately 
managed “public” schools funded with tax- 
payer dollars), to address woefully underper- 
forming public schools, particularly in the 
cities. In theory, deregulation would work 
wonders, lifting test scores like a bull market. 


SOOK 4 


Reflecting the notion that standardized tests 
and quantitative assessments best judged 
a school’s worth, No Child Left Behind 
required (under the threat of severe sanctions) 
that every pupil attain “proficiency” in math- 
ematics and reading by 2014, an impossible 
goal. But the logic of deregulation by creating 
more charters seemed irresistible: if schools 
were free from local bureaucratic rules and 
forced to compete like McDonald’s, scores 
would rise. Nothing of the sort happened. The 
law allowed each state to create its own defi- 
nition of “proficiency,” creating laughable 
claims about rising scores not substantiated 
by the exam results from the National Assess- 
ment of Educational Progress. 

A funny thing happened on the way to the 
revolution. Despite the recent expansion of 
charter schools, test results did not generally 
improve—either there or in the regular pub- 
lic schools, which increasingly enrolled more 
disadvantaged pupils, special education stu- 
dents, and the troublesome and inattentive, 
all unlikely to lift scores. “No Child” only 
required testing in mathematics and English, 
so art, music, history, social studies, and sci- 
ence classes were cut in many school systems. 
Teachers taught a narrower range of topics 
even within the tested subjects, undermining 
learning. Without any evident improvement 
in test scores, the curriculum narrowed and 
teaching to the test on the truncated basics 
became more prevalent. 

Through case studies on the fate of mar- 
ket-oriented school reforms in several cities, 
Ravitch documents the arrogance and naiveté 
of the new wave of school managers. Largely 
drawn from the corporate sector, the legal 
profession, and so forth, these believed they, 
like corporate CEOs, needed arbitrary power 
and authority to crack down on teachers, prin- 
cipals, and students. Often flush with huge 
donations from mega-donors, including the 
Gates and Walton foundations (themselves 
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accountable to no one), these managers often 
knew little about teaching or the curriculum 
but generally blamed teachers’ unions for 
any failures in the schools. They insulted and 
intimidated teachers and often closed func- 
tioning if imperfect neighborhood schools, 
weakening community ties without doing 
much to lift school achievement. 

The Death and Life of the Great American 
School System is a sobering narrative by a for- 
mer advocate of choice and market-inspired 
educational reforms who had the courage to 
change her mind. That deregulation of the 
economy produced the “great recession” and 
led to massive government bailouts has shaken 
some citizens’ faith in unfettered markets. 
Unless the current administration changes its 
educational course, however, America’s often- 
mindless fixation on raising test scores seems 
likely to continue into the foreseeable future. 

10.1126/science.1190046 


ANTHROPOLOGY 


Cutting a Controversy 
Down to Size 


Robert A. LeVine 


an there ever be an end to the 27-year- 

old controversy over Margaret Mead’s 

Samoan fieldwork of 1926? The BBC 
aired a television program on it as recently 
as 2006, and with The Trashing of Margaret 
Mead, Paul Shankman, a long-time partici- 
pant in the debate, has made a serious and illu- 
minating attempt at providing the last word. 
The controversy first flared in 1983, with the 
publication of Derek Freeman’s Margaret 
Mead and Samoa (1). Freeman, a respected 
New Zealand anthropologist, charged that 
Mead’s 1928 best-seller Coming of Age in 
Samoa (2) incorrectly described Samoan 
adolescence and propagated a false view of 
human nature. Freeman held Mead’s Samoan 
research responsible for the environmentalist 
bias he attributed to anthropologists’ views 
on the “nature-nurture debate.” His charges 
made the front page of the New York Times 
(3) and received wide coverage in the media, 
including a long (unfavorable) book review in 
Science (4). They also set off a long series of 
academic responses, mostly by specialists on 
Polynesia, to Freeman’s claims. 
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Shankman, an anthropologist at the Uni- 
versity of Colorado, has worked extensively in 
Samoa, published criticisms of Freeman, and 
argued with him in private. He does not pre- 
tend to be neutral, but his heavily researched 
book sheds new light on the controversy. 
Mead’s reputation is at stake, Shankman 
emphasizes, rather than any 
scientific issue. 

An anthropological pio- 
neer, Mead conducted field- 
work in the Pacific during 
the 1920s and 1930s that 
provided early evidence of 
cultural diversity in child- 
hood and adolescence. She 
was not an extreme envi- 
ronmentalist; rather, she 
emphasized an interaction 
between innate temperament and culture. Her 
main point—that cultural variations in the 
experiences of growing up, coming of age, 
and becoming male and female were substan- 
tial enough to warrant scientific examination 
and public attention—was amply confirmed 
by more intensive studies conducted around 
the world after World War II. 

Although Mead became a celebrity 
through her books and talks popularizing 
cultural anthropology, her work was often 
sharply criticized by her anthropological 
colleagues. Within the discipline, she had, 
particularly after the 1950s, little theoreti- 
cal influence. By 1978 (when she died at age 
77), however, she was appreciated as a found- 
ing figure of American anthropology whose 
flaws represented an early era of the field and 
whose colorful personality had made her the 
most famous anthropologist of her time. 

Long after the media debate about Free- 
man’s 1983 claims died down, anthropolo- 
gists who had worked in Polynesia continued 
to pen articles and books on the topic, most of 
which criticized Freeman. In a second, 1998 
book (5), he presented additional evidence 
that in 1926, the young and inexperienced 
Mead had been duped by her informants. 
It too was, under the title “Mead Misrepre- 
sented,” unfavorably reviewed in these pages 
(6), and Freeman responded with a rejoinder 
(7). He died in 2001, but the Mead-Freeman 
controversy, like the nature-nuture “debate,” 
still fascinates journalists and the public 
regardless of what scientists think about it. 

Shankman argues that Freeman made 
inaccurate claims to exaggerate the signifi- 
cance of his attack: He presented himself as 
unique among anthropologists in daring to 
criticize Mead. He claimed, incorrectly, that 
Mead ignored “biology” and the possibility 
of genetic influence. Freeman also failed to 
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recognize that it was clear long before 1983 
that “emotional turmoil” at adolescence was 
not universal in humans. Therefore, as Robert 
Levy noted in his book review in Science (4), 
Mead’s early conclusion was correct regard- 
less of whether or not all her facts were accu- 
rate. Freeman seemed not to know that the 
question of universal ado- 
lescent turmoil had long 
ceased being an issue in 
anthropology. In Shank- 
man’s account, Freeman 
imagined his critique of 
Mead to be one of the 
most important theoreti- 
cal breakthroughs of the 
20th century. The author’s 
unflattering portrait of 
Freeman, supported by 
detailed anecdotes and quotations, is cen- 
tral to his argument that the fabricated con- 
troversy is largely attributable to one man’s 
unbridled ambition and grandiose fantasies. 
He concludes: “For reasons that are still not 
fully understood, Freeman became obsessed 
with Mead and compromised his own schol- 
arship as he damaged hers.” 

The Trashing of Margaret Mead offers 
more of a contextualized history of the con- 
troversy in the media rather than an analysis 
of the scientific issues, although it covers both 
aspects. It contains an informative introduc- 
tion to the lives and work of Mead and Free- 
man, the unfolding of the public discourse 
about Freeman’s first book, and the relevant 
aspects of Samoan culture. There are innova- 
tive chapters on Mead’s American audience 
in the 1920s, what the controversy meant 
to Samoans, and the “selling of the contro- 
versy”’ (which includes a description of Free- 
man’s 1983 appearance on the Phil Donahue 
Show). As history, however, the book does 
not probe as far as it might have the publish- 
er’s role in creating the controversy and the 
relationship of the debate to developmental 
psychology. Thus there is still room for future 
attempts at the last word. 
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CONSERVATION 


CITES Designation for Endangered 
Rosewood in Madagascar 


Meredith A. Barrett,'* Jason L. Brown,? Megan K. Morikawa,} Jean-Noél Labat,’ Anne D. Yoder” 


ogging in Madagascar, one of the 
| world’s most threatened biodiversity 
hot spots (/, 2), has rapidly increased 
amid political turmoil since a transitional 
government assumed power in March 2009 
(/, 3). With as much as 90% of the country’s 
primary forest already lost, continued logging 
will mean species extinctions across all biotic 
elements of Madagascar’s ecosystems, where 
rates of endemism are unparalleled (2, 4, 5). 
We demonstrate immediate risk for rose- 
wood (genus Dalbergia) species extinctions 
and thus the need for protection via interna- 
tional trade regulation under the Convention 
on International Trade in Endangered Species 
of Wild Fauna and Flora (CITES). Protection 
of Malagasy rosewood species, which suffer 
from targeted logging because of their high 
value in international markets, would not 
only avoid their extinction but also extend the 
benefits of protection to all biota within these 
threatened ecosystems. 

Despite public concern from international 
parties (6), the Malagasy rosewood issue was 
absent from the March 2010 CITES Confer- 
ence of Parties (CoP). Yet one day before the 
meeting’s conclusion, the Malagasy govern- 
ment issued a decree prohibiting rosewood 
logging and export, likely a response to inter- 
national pressure (7). This unexpected, posi- 
tive change, a window of opportunity in an 
unstable political climate, combined with the 
3-year delay before the next CoP at which 
species can be voted on for full CITES pro- 
tection, heightens the potential and urgency 
for listing of rosewood under CITES Appen- 
dix III by the Malagasy authorities (8). 


Market-Driven Logging Pressure 

A conservatively estimated 1137 containers, 
each carrying an average of 144 rosewood 
logs and valued at more than U.S. $227.4 
million, have been exported from Madagas- 
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Areas at risk for future illegal rosewood logging 
in Madagascar. Much known current logging has 
occurred in the northeast (inset), especially in pro- 
tected areas (fig. $3). 


car since April 2009 (/, 9). Exporters have 
benefited from the transitional government’s 
exceptions to a previous ban on exportation 
of unfinished hardwood products (/, 3). The 
administration legalized rosewood export on 
31 December 2009, yet overturned this ruling 
on 24 March 2010, by banning logging and 
export of rosewood for the next 2 to 5 years 
(Decree no. 2010-141) (7). The enforceabil- 
ity of the ban is questionable, and the fate of 
10 to 15 thousand metric tons of felled rose- 
wood waiting in ports remains uncertain. 
Rosewood is sought for its rich burgundy 
color and hard wood, qualities valued for 
high-end furniture and musical instruments 
(fig. S1). Most exports have been shipped to 
China, the world’s largest consumer of tropical 
hardwoods, where an opaque regulatory pro- 
cess and high demand for rosewood furniture 
have driven the market (/, 70). A rosewood 
armoire can command $20,000 in China, in 
stark contrast to the $0.49 a Malagasy laborer 
earns for each rosewood log extracted (/, //). 
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Predicted forest losses and a recent 
government ban on logging build support 
for trade protection of Malagasy rosewood. 


Current rosewood market practices not only 
deprive Malagasy laborers of a living wage 
but also impair future rural livelihoods by 
damaging essential ecosystems. 


Impacts of Rosewood Logging 

Although selective rosewood logging results 
in less forest loss than clear-cutting, the con- 
sequences are still destructive 
(12). Because of the low density 
of rosewood trees per hectare, 
loggers must routinely encroach 
on new territories—up to 20,450 
ha have been affected by selective 
logging in the northeast region 
thus far (9). In order to float dense 
rosewood logs downstream for 
export, four or five lighter trees 
are cut to raft each rosewood log, 
amounting to hundreds of addi- 
tional trees daily (fig. S1) (/, 9). Such selec- 
tive logging facilitates invasion of non-native 
species, reduces native species diversity (/2, 
13), and aridifies landscapes, which leads to 
an increased likelihood of fires (14). The loss 
of nitrogen-fixing by Dalbergia results in a 
reduction in soil fertility (75, 76). 

Increased access to forests via logging 
trails and roads leads to further resource 
extraction and deforestation, as seen with 
settlement patterns around logging hot spots 
in northeastern Madagascar (7). Increased 
fragmentation of forests can amplify environ- 
mental stress, impair wildlife and ecosystem 
health, induce local species extinctions, shift 
community composition, and lead to signifi- 
cant loss in genetic diversity of isolated pop- 
ulations of endemic animals and plants (/2, 
17-19). Increased forest access has led to the 
emergence of a bushmeat market in Mada- 
gascar (20). Hunting and habitat loss will 
deteriorate conditions for already endangered 
animal species (/2). Rosewood extraction 
undermines the legitimacy of Madagascar’s 
National Parks management, impairing con- 
servation efforts and destabilizing the once- 
thriving ecotourism industry. 


Estimating the Extent of Decline 

Using geospatial tools, we modeled eight spe- 
cies of rosewood (2/) to address the following 
questions [supporting online material (SOM), 


VOL 328 28 MAY 2010 


1109 


Downloaded from www.sciencemag.org on May 27, 2010 


POLICYFORUM 


§ 1]: @) Where are Madagascar’s richest areas 
for rosewood species? (ii) How reduced is the 
distribution of rosewood versus estimated his- 
toric distributions? (iii) Which areas are most 
vulnerable to further logging? (iv) Is there suf- 
ficient evidence and urgency to call for CITES 
designation of Malagasy rosewood? 

Historic distributions extended almost 
entirely throughout Madagascar (93% cov- 
erage), with the highest richness—seven co- 
occurring species—in northeastern rain for- 
ests. Depending on the species and defores- 
tation scenario, distribution reduction ranged 
from 54 to 98% (fig. S2 and table S2), which 
demonstrates intense habitat loss. Based on 
a logging-risk model combining logging 
access and rosewood presence (SOM, § Ic), 
we confirmed high logging risk in northeast- 
ern protected areas, where lack of enforce- 
ment and higher quality, size, and density per 
hectare of rosewood attract increased logging 
(3). Our analyses forecast that logging could 
extend throughout the country (see the figure, 
p. 1109, and fig. S3); we identified 25 pro- 
tected areas that are at high or medium risk 
for future logging (fig. S3). 


CITES Designation, Government Action 
Despite their threatened status (table S2) (22), 
no Malagasy Dalbergia species are protected 
under CITES (/2). However, three non-Mal- 
agasy Dalbergia species are currently regu- 
lated under CITES (table S2). Brazilian rose- 
wood, listed as vulnerable by the International 
Union for Conservation of Nature (IUCN), as 
are several Malagasy species, has benefited 
from CITES protection since 1992 (22). Some 
claim that much logging shifted from Brazil to 
Madagascar because of this listing (23). 
Although CITES may not provide an 
immediate or comprehensive solution, owing 
to the lengthy process, difficult implementa- 
tion, and need for political will (24), it none- 
theless affords the best protection available 
(12, 25). The eight species analyzed here sat- 
isfy criteria for listing under CITES Appen- 
dix I (8), primarily because of severe range 
reductions (table S2). The two endangered 
rosewood species for which we lacked suf- 
ficient data would qualify for Appendix II 
because of their resemblance to these eight 
rosewood species (SOM, § 2c, and table S2). 
Despite participation by Malagasy authorities 
at the 2010 CoP, little discussion of Malagasy 
rosewood occurred (26). However, an inter- 
national working group was formed to help 
Madagascar identify species to evaluate at the 
next CoP in 2013 (27). We urge the Malagasy 
government to immediately list these 10 rose- 
wood species for limited protection under 
Appendix III to ensure their existence until 


they can be listed in Appendix I or I, pending 
CoP approval in 2013 (SOM, § 2d). 

CITES listing of rosewood would signify 
commitment by the Malagasy government 
and could provide a consistent legal frame- 
work for traders. Any export would require a 
permit that certifies the specimen was legally 
collected in a method nondetrimental to spe- 
cies survival. To ensure sustainability, for- 
estry strategies including land-use planning, 
explicit management policies, chain-of-cus- 
tody timber tracking, and log DNA bar-cod- 
ing should be implemented (24). International 
agencies have called upon the government to 
seize all illegal timber and to use money from 
its sale within legal markets to start a trust 
fund for conservation and rural development; 
however, this may only enhance opportunities 
for continued corruption (/). 

Government declaration of high-risk log- 
ging areas identified in these analyses (see the 
figure and fig. S3) will raise awareness about 
enforcement efforts. The government should 
consider expansion of the protected area net- 
work, but additional funds for park patrols 
and infrastructure will be essential (28). 


Role of the International Community 

Weak penalties and limited enforcement, as 
well as difficulties in identifying and tracking 
illegally sourced specimens, remain funda- 
mental challenges. The international com- 
munity should raise awareness of the conse- 
quences of rosewood logging, place pressure 
on the Malagasy government to implement 
improvements, and reduce market demand for 
illegal wood products. The recently amended 
U.S. Lacey Act (29) bans trade of illegally 
sourced plant and wood products and requires 
importers to declare origin and species of all 
plants. Even so, the United States continues 
to import $3.5 billion in illegal wood prod- 
ucts from China annually (/0), and European 
companies have been implicated in recent 
rosewood export (/). 

Malagasy forests could offer far greater, 
renewable economic value when evaluated 
through innovative markets. Potential revenue 
of $72 to $144 million per year for Madagas- 
car from a Reducing Emissions from Defor- 
estation and Forest Degradation (REDD) pro- 
gram far exceeds the estimated $9 million in 
annual conservation funding received before 
the political unrest (30). 

Environmental costs of political instabil- 
ity are high; no long-term conservation goals 
can be achieved in a governmental void. The 
urgency of illegal rosewood logging demands 
national and international action to conserve 
both rural livelihoods and remaining biodi- 
versity habitats. 
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Prion Strain Mutation and Selection 


John Collinge 


en the connection was made 
between bovine spongiform 
encephalopathy (BSE or “mad 


cow” disease) and human illnesses in the 
1990s, it raised the public profile of the under- 
lying prion diseases as the implications of ani- 
mal and public health crises, and their eco- 
nomic impacts, became apparent. At the core 
of these concerns is how prions, the infectious 
agent, diversify and expand their host range. 
On page 1154 of this issue, Angers et al. (1) 
reveal how this occurs in chronic wasting dis- 
ease (CWD), a contagious prion disease of 
wild deer and elk. Its prevalence in the United 
States raised fears that, like BSE, it might 
transmit to humans. 

Prions cause fatal neurodegenerative 
diseases of humans and animals such as 
scrapie in sheep and goats, BSE in cattle, 
and Creutzfeldt-Jakob disease in humans 
(2). They consist of a rogue form of a protein 
produced by an infected animal, not by a for- 
eign DNA or RNA genome, and pass from 
one species to another via dietary and other 
routes of transmission. Prions are thought to 
be composed principally or entirely of poly- 
mers of misfolded prion protein (known col- 
lectively as PrP scrapie or PrP**). They prop- 
agate by recruiting the normal host prion 
protein (PrP) via seeded protein fibriliza- 
tion. In this process, fragmentation of elon- 
gating fibrils leads to an autocatalytic, expo- 
nential amplification process that effectively 
mimics a conventional infectious agent in 
its ability to invade and colonize susceptible 
hosts. Despite the absence of a nucleic acid 
genome, prions exist as multiple strains that 
can be serially propagated in laboratory ani- 
mals and differentiated by the patterns of dis- 
ease they produce. Because multiple strains 
can be maintained in inbred mice with iden- 
tical PrP genes, prions cannot be encoded 
by differences in PrP primary structure (its 
amino acid sequence). Rather, it is thought 
that they represent structurally different 
PrP* seeds that recruit host PrP° into poly- 
mers of misfolded PrP. Thus, strains may be 
associated with biochemically distinct PrP*° 
types that can propagate on serial passage in 
susceptible hosts, including those from dif- 
ferent species (3—5) (see the figure). 
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PrPs have a highly conserved structure, 
which is presumably central to their ability 
to infect across species. Although differences 
in PrP° primary structure have been consid- 
ered a barrier to cross-species infection, the 
“strain-ness” of a prion is fundamental to 
its ability to infect a new species. Thus, two 
prion types, or strains, that propagate in one 
species may have different abilities to cross 
a transmission barrier (6). Under the con- 
formational selection model (7), of the pos- 
sible PrP** strains that can overcome natural 
clearance and propagate effectively in mam- 
mals, only a subset is compatible with a given 
host PrP© structure, and can thereby propa- 
gate in that host. Transmission barriers can be 
explained by the degree of overlap between 
strain types that are permissible in the two 
species concerned. Such effects may also be 
encountered within a species where there are 


Structural compatibility of infecting prion 
proteins with those of a new host determine 
whether they will be successfully transmitted. 


PrP polymorphisms. A common human PrP 
polymorphism (at amino acid position 129) 
dramatically affects strain selection (4, 8) and 
has a powerful effect on human susceptibility 
to prion disease (9, /0). Important PrP poly- 
morphisms are also seen in sheep and other 
species, and conformational selection occurs 
with yeast prions as well (//). 

However, in some cases, prions do not 
maintain their identity in a new host but 
switch properties. Such strain “mutation” (/2) 
may result from crossing between species, 
or intraspecies transmission due to PrP poly- 
morphism or the effect of genetic background 
(13). The new strain generated may be more 
or less pathogenic in a second species than its 
progenitor, so mutation has potential public 
and animal health implications. 

Although is has been argued that prion 
strains may be cloned (/2), such material 
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Prion propagation. (A) A limited set of mammalian PrP* conformations can propagate as prions using the PrP‘ 
present in susceptible host species. Prions transmit readily between hosts that express the same PrP‘, and may do 
so in those with different PrP‘ if there is substantial overlap of permissible conformations (species | and Il). If there 
is little or no overlap (species | and III), a major transmission barrier occurs. (B) A prion strain may be a molecular 
ensemble maintained under host selection. (a) A strain can propagate in the same species expressing identical 
PrP“; (b) strain mutation may occur when prions colonize the same species with a different PrP‘, or (c) may propa- 
gate in a different species with compatible PrP‘; (d) if not compatible in a new species, mutation may occur. 
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is heterogeneous when assessed by physi- 
cal and biochemical methods. It may be that 
prion strains represent an ensemble of molec- 
ular species maintained under host selec- 
tion (/4). Such a quasispecies would have a 
dominant component with recognizable bio- 
chemical and biological properties, but also 
have lower-abundance subspecies. The pref- 
erential selection of the latter in an alternate 
host that is unable to propagate the dominant 
species could explain strain mutation (/4), as 
observed in prion-infected cell cultures (75). 
CWD is prevalent in wild cervids (deer and 
elk) in several U.S. states and has been recog- 
nized in Canada and South Korea. It spreads 
readily between wild animals, and urine, feces, 
and saliva are infectious (/6). The occurrence 
of multiple strains of CWD is likely, given 
that multiple cervid species and different PrP© 
structures (including within-species PrP poly- 
morphism) are involved, and the existence of 
at least two CWD strains (CWD 1 and 2) has 
now been demonstrated by Angers et al. The 
authors show that CWD prion strain selec- 
tion and mutation are influenced by the amino 
acid at position 226 in PrP (4, 8), which differs 
between deer and elk. Although CWD 1| and 2 
can be distinguished by biological strain typ- 


ing methods, their biochemical characteris- 
tics are similar by the molecular strain typing 
methods used. Assuming that the “protein- 
only” model of replication is correct, such dif- 
ferences in disease-associated PrP must exist. 
However, these differences may reside in pro- 
tease-sensitive forms of abnormal PrP, which 
are important components of prion isolates. 

What is the importance of the findings of 
Angers et al. for public health? One method 
to model human susceptibility, as done with 
BSE in the 1990s (2), is to determine the 
susceptibility of transgenic mice expressing 
human PrP° to CWD prion infection in com- 
parison to susceptibility in human and other 
animal strains. Studies so far show that such 
mice are resistant (/7, 1S). However, it is nec- 
essary to repeat these studies with all CWD 
strains identified and to take account of per- 
mutations of PrP polymorphisms in CWD- 
affected animals and humans. This further 
evidence for the role of PrP polymorphism 
on strain selection and mutation should 
highlight the potential for a new zoonotic 
prion strain to emerge from prion evolution 
in animal reservoirs, notably in worldwide 
endemic scrapie of sheep and goats as well 
as CWD in deer and elk. 


Prion-like mechanisms may be relevant in 
common human neurodegenerative diseases 
such as Alzheimer’s and Parkinson’s diseases. 
Accumulation of misfolded host proteins 
occurs in these diseases, and seeded protein 
aggregation may be relevant to the etiology 
and spread of pathology (/4). It will be of 
great interest to see if the phenomena of con- 
formational and kinetic selection of strains 
and their mechanisms of neurotoxicity are 
also important in these and other diseases of 
protein misfolding. 
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PLANETARY SCIENCE 


Nitrogen in the Solar System 


Kurt Marti and John Kerridge 


itrogen within the solar system is not 

isotopically uniform: '°N/"4N ratios 

in planetary objects such as Earth, 
Mars, and Jupiter range from 1.9 to5.9x 10° 
(1), some meteoritic materials exhibit ratios 
as high as 22 x 10° (2), and samples from 
the lunar surface reveal an unexplained vari- 
ability between 2.8 and 4.3 x 10° (3). These 
variations are best explained by mixing 
of isotopically distinct components which 
could have been carried to the lunar surface 
by the solar wind or originated from some 
unknown source. Identifying the composi- 
tions and sources of those components will 
clarify fundamental issues such as how plan- 
ets accreted and how their atmospheres sub- 
sequently evolved. 

In situ measurements of solar-wind N 
implanted in collectors carried by NASA’s 
Genesis spacecraft yielded a value of 2 x 10% 
for °N/'4N (4, 5), close to the N isotope ratios 
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in NH, in the jovian atmosphere [1.9 to 2.3 
x 10% (/, 6)]. This agreement indicates that 
the N isotopic ratio in the protosolar nebula 
was similar to that in the contemporary galac- 
tic disk (7) but lower than in Earth and inner 
planets where the ratio is ~3.7 x 10°. 

Important insights into possibly variable 
environments may be found in the powdery 
surface layer on the Moon—the lunar rego- 
lith—where several billion years of history 
within the heliosphere are recorded, and in 
which soils and breccias contain well-docu- 
mented records of highly variable nitrogen 
components (3), including, in addition to 
solar wind, non—solar-wind N, of unknown 
origin, that is isotopically much heavier than 
the solar wind. 

Nonsolar N in the lunar regolith [and in 
surfaces of rocks (8)] is an order of magnitude 
more abundant (and much heavier) than solar- 
wind N (9). It is implanted into the surface 
together with the solar wind, although reso- 
lution of a two-component mixture indicates 
somewhat shallower implantation depths (/0). 


Nitrogen isotopic compositions can serve 
as useful tracers to understand the input 

materials and processes during formation 
and evolution of the solar system. 


Shooting for the Moon. Comparing the 
nitrogen isotopic ratios from lunar-surface 
samples implanted at known times in the past 
may help provide a picture of the processes 
that shaped our solar system. 
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The abundance of nonsolar N in the regolith 
increases with duration of surface exposure. 
Based on results from Apollo samples, the 
carbon/nitrogen (C/N) ratio of the nonsolar 
component is estimated to be less than half of 
the solar contribution (/7/). 

Heavy N was apparently added to the rego- 
lith up to recent times, as observed in surfaces 
of ejecta from 2-million-year-old South Ray 
Crater (8). In a suite of 24 regolith samples 
obtained by Apollo 16, the N/'4N ratios of 
nonsolar N vary by 15%, with young soils 
from 50-million-year-old North Ray Crater 
averaging 'SN/'4N = 4.14 x 10°, while older 
material averages N/'N = 3.92 x 103 (12). 

The source of nonsolar N is delivered at 30 
ug N/cm? per million years to the lunar sur- 
face as ions coupled to the solar wind, either 
in the heliosphere or in temporary lunar atmo- 
spheres. Furthermore, the observed low C/N 
ratio may serve as a useful tracer of origin, 
although possible C/N fractionation during 
photoionization or loss mechanisms from the 
lunar surface needs to be further studied. The 
observations do not favor a meteoritic origin 
for nonsolar N but may indicate reservoirs 
enriched in NH, (/3, /4). 

The source of the nonsolar N must be 
either isotopically variable or comprise mul- 
tiple, isotopically distinct components whose 


mixing ratio can vary. The Apollo 16 data sug- 
gest either that the North Ray impact event 
supplied heavy N, which was photoionized 
and reimplanted from the temporary atmo- 
sphere, or that the average nonsolar N com- 
ponent implanted in the past 50 million years 
was heavier. 

Continuing isotopic studies of selected 
materials from the lunar regolith and other 
solar system objects will help to elucidate the 
quantitative range and possible spatial, and 
even temporal, distribution of SN/'4N varia- 
tions in the solar system. High-resolution 
molecular-spectroscopic observations and 
theoretical modeling will shed light on the 
existence of, and possible isotopic fraction- 
ation mechanisms within, potential reservoirs 
that could have contributed N to the nascent 
solar system. It is also important to investigate 
possible mechanisms whereby non—solar- 
wind N could be transported to, and implanted 
within, the lunar surface. Finally, much more 
information is needed regarding N-containing 
molecules and elemental/isotopic tracers that 
will assist in discriminating among potential 
heavy-N reservoirs, including components 
with different nucleosynthetic histories. 

Non-solar-wind N in the lunar and other 
solar-system regoliths provides a promising 
pathway to identifying the source and compo- 
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sition of isotopically heavy N components in 
the solar system. Disentangling those distinct 
components will aid our understanding of 
evolutionary histories of inner-solar-system 
objects, including planets and the Moon. 
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MEDICINE 


Beige Can Be Slimming 


Jeff Ishibashi and Patrick Seale 


ow can we decrease the body’s energy 

efficiency? The answer to this could 

be used to fight the exploding obe- 
sity crisis. Our ability to accumulate and 
retain energy reserves once provided a sur- 
vival advantage. However, these ingrained 
energy-conservation pathways are now driv- 
ing unprecedented weight gain in modern 
societies where calorie-dense food pervades. 
Burning off excess fuel (analogous to heating 
a house in winter with the windows open) may 
be an effective therapeutic avenue to reduce 
obesity when diet and exercise are not enough. 
On page 1158 in this issue, Vegiopoulos et al. 
demonstrate that the fatty acid derivatives 
called prostaglandins encourage adipocytes 
(fat cells) to do exactly this—waste energy 
through increased heat production (/). 
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In contrast to the familiar white adipo- 
cytes that specialize in lipid storage, brown 
adipocytes burn fat to produce heat (ther- 
mogenesis). Infants have prominent depots 
of brown fat that regulate body temperature. 
Although these “newborn” depots regress 
during childhood, appreciable amounts of 
brown fat persist in adults and correlate with 
adult leanness (2-5). Similarly, brown fat 
counteracts obesity and metabolic disease 
in rodents (6) Therefore, enhancing brown 
fat thermogenesis is an attractive target for 
anti-obesity therapy. Vegiopoulos et al. show 
that white fat can be induced to form inter- 
mediate “beige” adipocytes with many of the 
properties of brown adipocytes, but having 
completely independent developmental ori- 
gins (7) (see the figure). 

The thermogenic activity of fat tissue is 
controlled by the sympathetic nervous sys- 
tem. Cold exposure in rodents and humans 
causes sympathetic nerve fibers to release 
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Prostaglandins promote the development of 
thermogenic beige fat in mice and may be a 
therapeutic approach to treat obesity. 


norepinephrine in fat tissues (6). Norepineph- 
rine then activates B,-adrenergic receptors on 
brown fat cells to stimulate lipolysis and heat 
production. In white fat depots, prolonged 
exposure to cold or B,-adrenergic agonists 
causes tissue transdifferentiation from white 
to beige (6). Unfortunately, B,-adrenergic 
agonists have not reached successful clinical 
application for weight loss because of techni- 
cal, efficacy and safety issues (8). 
Vegiopoulos et al. have now discovered 
an alternative—prostaglandins drive beige 
fat development in white fat. This signal- 
ing pathway may lead to new therapies for 
obesity. Specifically, the authors found that 
white fat cells in mice increase expression 
of the enzyme cyclooxygenase-2 (COX-2) 
in response to cold or B,-adrenergic agonists, 
which consequently produces prostaglan- 
dins. Prostaglandins then act locally, trigger- 
ing brown fat—specific gene expression in 
white fat cells. In mice engineered to express 
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White to beige. Fat cells can be classified as white storage cells, brown ther- 
mogenic cells, or intermediate beige cells. Prostaglandins produced by white fat 
cells (in response to B,-awdrenergic agonists released by sympathetic neurons) or 


COX-2 in the skin, a systemic increase of two 
prostaglandins (PGE, and PGI,) caused white 
fat pads to become beige. By contrast, brown 
fat depots were unresponsive to increased 
prostaglandin synthesis. Whether housed in 
cool or warm conditions, the transgenic ani- 
mals ate more than their wild-type counter- 
parts and remained lean, even when fed a 
high-fat diet. The lean phenotype was due to 
elevated energy expenditure and increased 
body temperature, similar to findings in rats 
given PGE, (9). Although many factors sup- 
press beige fat development, prostaglandin is 
the first positive acting signal that is both nec- 
essary and sufficient to promote thermogen- 
esis selectively in the white fat compartment. 
The relative roles of PGE, and PGI, in 
beige fat development remain to be deter- 
mined. Genetic deletion of the PGI, receptor 
reduces the expression of brown fat—specific 
genes in subcutaneous but not in visceral fat. 
The “browning” effect of B,-adrenergic ago- 
nists is most prominent in subcutaneous fat. 
Thus, differential activity of the PGI, recep- 
tor may underlie fat depot—selective meta- 
bolic effects of B,-adrenergic agonists. 
Prostaglandins have a broad array of func- 
tions in numerous tissues, with PGE, acting 
through four different receptors (EP 1-4), and 
PGI, acting through the prostacyclin (IP) 
receptor (/0). The complexities of prosta- 
glandin-receptor signaling make therapeutic 
side effects a concern. For example, prosta- 
glandins powerfully induce the inflammatory 
response through various combinations of 


Prostaglandin 
E,/I, secretion — 
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ligand-receptor interactions (//). However, 
Vegiopoulos ef al. did not observe increased 
systemic inflammation in the transgenic mice 
that overexpress COX-2. Regardless, unrav- 
eling the molecular mechanism of prosta- 
glandin action in white fat may reveal more 
selective methods to promote beige fat devel- 
opment and avoid undesirable and unpre- 
dictable side effects. Conceivably, systemic 
delivery of a highly specific prostaglandin or 
a synthetic analog could treat obesity 

Prostaglandins appear to act directly on fat 
cells, because treatment of isolated white fat 
precursors with PGI, stimulated the expres- 
sion of brown fat-related genes. PGI, treat- 
ment also amplified this effect in response to 
norepinephrine. Thus, prostaglandins likely 
potentiate the response of fat cells to sym- 
pathetic nerve activity in tissues. Consistent 
with this, inhibition of COX-2 suppressed 
the emergence of beige fat in white fat depots 
of cold-exposed or B,-adrenergic agonist— 
treated mice. The intracellular signaling path- 
ways stimulated by norepinephrine involve 
adenylate cyclase and production of adeno- 
sine 3’,5’-monophosphate (cyclic AMP). 
Prostaglandin receptors also converge on 
adenylate cyclase (/2) and thus may promote 
the production of beige fat by further activat- 
ing a common signaling cascade. 

The question of where beige cells come 
from remains unanswered. The study by Veg- 
iopoulos et al. suggests that progenitor cells 
are pushed to develop into beige fat by pros- 
taglandins. Alternatively (or additionally), 


from the circulation stimulate the formation of thermogenic beige cells in white 
fat. It is not clear if beige cells are derived from a precursor cell, arise by transdiffer- 
entiation of white fat cells, or by both mechanisms. UCP1, uncoupling protein 1. 


hermogenesis 
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white fat cells could directly convert into 
beige cells. Regardless of how they arise, the 
development of beige adipocytes in white 
fat correlates extremely well with protection 
against obesity and associated disease. 
Nonsurgical therapies for obesity are des- 
perately needed. Healthy diet and exercise 
are accessible and affordable treatments, with 
broad health benefits beyond weight reduc- 
tion. However, behavioral modifications are 
often insufficient. Stimulating white to beige 
fat conversion through prostaglandin signal- 
ing can hopefully be translated into an effec- 
tive standalone or adjunct therapy to raise 
energy expenditure and promote weight loss. 
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CHEMISTRY 


Harmony of the Self-Assembled 


Spheres 


Artur R. Stefankiewicz and Jeremy K. M. Sanders 


hemists conventionally assemble 
( molecules stepwise in the labora- 

tory, but nature often relies on self- 
assembly, especially when it comes to com- 
bining smaller subunits into amazingly com- 
plex architectures on the nanoscale. Tobacco 
mosaic virus is an inspiring example of self- 
assembly: 2130 identical protein subunits 
self-organize around a single strand of RNA 
to form the final helical structure of the virus 
(1). Weak but numerous noncovalent inter- 
actions direct assembly between individual 
subunits. These processes can be dynamic; in 
such cases, assembly is accompanied by dis- 
assembly and occurs at or near equilibrium. 
In general, these processes are not only rapid 
but are intrinsically self-correcting (2). On 
page 1144 of this issue, Sun et al. (3) report 
a step forward toward synthetic analogs of 
large-scale self-assembly in which metal ions 
and organic ligands self-assemble into giant 
coordination spheres with intriguing thermo- 
dynamic behavior and astonishing precision. 

The structural complexity characteristic 
of biology has until recently been considered 
irrelevant in coordination chemistry, in which 
metal centers form bonds to both organic 
and inorganic ligands, or even to other met- 
als. In most coordination compounds, only a 
few metal centers might be joined by bridg- 
ing organic ligands. However, Lehn and Stod- 
dart separately suggested more than a decade 
ago that coordination bonds, which can also 
assemble reversibly, could be viewed in the 
same light as the weak inter- or intramolecu- 
lar interactions formed during biological self- 
assembly (4, 5). 

Metal-assisted self-assembly has recently 
given access to a wide range of supramolec- 
ular entities of truly impressive architectural 
complexity (6). The final shape of the self- 
assembled entity is defined not only through 
the metal coordination geometry, but also 
through the size and shape of the ligand, which 
can determine the orientation of its interaction 
sites with the metal ions. Because the genera- 
tion of well-defined metallosupramolecular 
architecture generally proceeds under ther- 
modynamic equilibrium, it allows the desired 
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A:B ratio from 
10:0 to 3:7 


product to be obtained with an accuracy simi- 
lar to that achieved in conventional stepwise 
molecular synthesis. The dynamic nature of 
the assembly process also allows modification 
through the exchange of components added 
into solution at a later point (7). 

This principle has been realized by 
recently developed syntheses beyond assem- 
bly around a few metal centers (8, 9). In par- 
ticular, coordination chemistry has been suc- 
cessfully used to construct such discrete struc- 
tures as helices, grids, cages, and spheres, the 
last being particularly interesting because of 
their potential application as synthetic recep- 
tors and nanoreactors. Fujita and co-workers 
had already shown that simple banana-shaped 
organic molecules and palladium(II) ions 
self-organize into finite, spherical coordina- 
tion networks with diameters of up to 5 nm 
(10). These impressive superstructures con- 
sist of 36 components (12 equivalent metal 
centers and 24 equivalent ligands) that self- 
organize into a well-defined object of cuboc- 
tahedral symmetry (ligand B in the figure, 
leading to M,,L,,). 

It is synthetically easy to introduce a vari- 
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Slight changes in the shape of organic 
molecules can dramatically alter the size 
of hollow spheres that form spontaneously 
upon addition of palladium ions. 


Spheres are subtly influenced. Sun 

et al. have shown that slight changes 
rata in ligand shape (molecules A and 
B differ in bend angle) change the 
outcome of self-assembly with Pd 
ions dramatically. Only one type of 
sphere forms even when a mixture of 
ligands is used, and the size of sphere 
formed exhibits a threshold at a par- 
ticular ratio of ligand concentrations. 
Such crossover behavior is an exam- 
ple of self-organized criticality. 


ety of new substituents and 
form multifunctional nano- 
scale architectures with spe- 
cific physicochemical proper- 
ties. Porphyrins and C,, have 
been attached to the outside of 
the spheres to generate a highly 
decorated surface. Alterna- 
tively, perfluoroalkyl groups 
were attached and a spherical 
complex formed with an inte- 
rior filled with 24 perfluoro- 
alkyl chains. The interior of the 
sphere can be regarded as a flu- 
orous phase (one that can selectively dissolve 
fluorocarbons) while the surrounding solu- 
tion cannot. Even more remarkably, photo- 
isomerization of a chromophore functionality 
attached to the internal site of the ligand com- 
ponents gives access to a variety of photore- 
sponsive “molecular nanoparticles” whose 
interior environments can be dramatically 
changed by light (//). 

Sun ef al. now describe an elegant and 
synthetically simple strategy for creating 
a massive spherical framework of 72 com- 
ponents that spontaneously self-assemble 
in solution. Building on their earlier expe- 
rience, they obtained this new molecule by 
opening up the bend angle from 127° to 149° 
between the two metal-binding sites of the 
ligand to give A. Separately, these ligands, 
when combined with palladium ions, form 
spheres consisting of 72 and 36 components 
for A and B, respectively (see the figure). The 
authors then mixed the two ligands A and B 
in different ratios. At every ligand ratio from 
9:1 to 1:9, there was no indication of form- 
ing a mix of different compounds. Only pure 


complexes of either M,,L,, or M,,L,, were 
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observed. M,,L,, was exclusively assembled 
until the ratio of A:B was 2:8, whereupon the 
outcome was M.,L.,,. 

This result is surprising. Even if the 
sphere constructed from A is enthalpically 
favored in M,,L,, (that is, it has lower inter- 
nal energy than structures made from B), 
the entropic cost of creating such a large 
ordered object might be expected to be pro- 
hibitive. Perhaps the stability of the bigger 
nanosphere results from its relatively huge 
internal volume. The solvent and counter- 
ions might be less ordered and more liquid- 


like than in the smaller sphere, thus shifting 


the equilibrium toward the bigger structure. 

Whatever the explanation at the molecu- 
lar or thermodynamic level, we are observ- 
ing emergent behavior in this chemical sys- 
tem, in which small differences in geometry 
are effectively amplified into the production 
of the preferred sphere. The work of Sun et 
al. is an impressive demonstration of artificial 
multicomponent self-assembly similar to that 
observed in the assembly of biological struc- 
tures. The success of this approach suggests 
that supramolecular nanoreactors with high 
stability could be made through relatively 
simple synthetic routes. 
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The Origin of T,,.2 Responses 


Robert L. Coffman 


elper T lymphocytes (T,, cells) have 
Hint functions during human 

immune responses, including stim- 
ulating B cells, the “help” needed to spur 
antibody production. Naive T,, precursor 
cells give rise to four functionally distinct 
subsets that can be further divided into sub- 
types or regulated states. Once the first two 
T,, Subsets were recognized—T,,1 and T,,2 
cells (1)—the obvious question became: 
How does the immune system decide which 
response to make? Recent reports present 
an important advance in understanding the 
origins of T,,2 responses and mechanisms 
of immune recognition of two medically 
important classes of antigens: helminth par- 
asites and allergens. 

T,,1 cells produce proinflammatory cyto- 
kines, such as interferon-y (IFN-y), that trig- 
ger responses against intracellular pathogens. 
By contrast, T,,2 cells make cytokines such 
as interleukin (IL)-4, IL-5, and IL-13, which 
activate responses to allergens and parasitic 
helminths, such as increased eosinophil and 
mast cell production and immunoglobulin 
E (IgE) antibody responses (2). The essen- 
tial features of T,,1 cell induction—including 
the key roles of IFN-y, IFN-c, and IL-12— 
have long been understood (3). However, our 
understanding of T,,2 cell origins has been 
elusive. IL-4 itself turns out to be a key factor 
for the development of IL-4—producing T,,2 
cells. Candidate sources of this initial IL-4 
have been identified, but their link to recog- 
nition of allergens or helminths by the innate 
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immune system (the less specific and more 
immediate arm of defense against infection) 
has been difficult to establish. Furthermore, it 
was gradually realized that T,,2 cell responses 
to some helminths did not require IL-4. Three 
cytokines—IL-25, IL-33, and thymic stromal 
lymphopoietin—have emerged as candidates 
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The adaptive immune response to helminth 
infection and allergens is stimulated by 
cytokines secreted by innate immune cells. 


for the link between the innate immune sys- 
tem’s recognition of the pathogen and T,,2 cell 
action, the ultimate, adaptive immune system 
response (4). 

IL-25 was identified a decade ago as the 
“odd” member of the IL-17 cytokine family. 
Although it stimulates many of the hallmark 
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Path to T,2 responses. Parasitic helminths or allergens induce epithelial cells to produce cytokines that 
stimulate three populations of cells to produce other cytokines. This cytokine combination promotes differen- 
tiation of T,,2 and B1 cells and stimulates effector functions, leading to parasite expulsion. MPP? cells can 
give rise to multiple cell types, including basophils, which can bias toward T,2 differentiation. It is not clear 
whether natural helper, nuocyte, and MPP*?® cells are different, or the same cell type viewed differently. 
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features of the immune response mediated by 
T,,2 cells—rapid and substantial production 
of IL-4, IL-5, IL-13, eosinophils, and IgE— 
it does so even in the absence of T cells (5). 
IL-33 isa member ofa very different cytokine 
(IL-1) family, yet evokes T,,2-like immune 
responses similar to those of IL-25 (6). The 
importance of IL-25 for T,,2 responses has 
been demonstrated, but the identity of the cell 
making the large, rapid T,,2-like response to 
either IL-25 or IL-33 has remained a mys- 
tery—defined more by what it is not than by 
what it is. Three reports (7—9) provide the 
clearest view yet of this cell (or cells), though 
from different perspectives. 

Saenz et al. show that injection of IL-25 
into mice leads to the expansion of cells that 
produce IL-4 in gut-associated lymphoid tis- 
sue (7). These cells express the cell surface 
proteins Sca-1 and cKit, a phenotype that 
suggests a relationship to hematopoietic stem 
cells or multipotential precursors (MPPs). 
Likewise, Neill et al. report that injection 
of mice with either IL-25 or IL-33 gener- 
ates an expansion of cells with a similar cell 
surface phenotype that produce IL-13 in the 
gut-associated lymphoid tissue, mesenteric 
lymph nodes, and spleen (8). And Moro et 
al. identified an IL-33-responsive cell type 
with a lymphoid morphology and similar cell 
surface protein expression in fat-associated 
lymphoid clusters in the mesenteric tissue of 
mice (9). By comparing cell surface mark- 
ers and gene expression profiles, as well as 
their presence in mice deficient in known cell 


types, the three studies make a convincing 
case that the cells represent one or more pre- 
viously undefined cell types (see the figure). 
These IL-25 and/or IL-33-responsive cells 
proliferate and produce large amounts of 
IL-5 and IL-13 (with lesser amounts of IL-4) 
in response to helminth parasite infection as 
well. This response to helminths is blocked by 
an antibody to IL-25, impaired in mice lack- 
ing the IL-25 or IL-33 receptor, and largely 
absent in mice lacking both cytokine recep- 
tors. Moreover, this “T,,2-like” response does 
not require T cells at all—it is unimpaired in 
mice devoid of T and B cells. 

There is less agreement on what the IL-25 
and IL-33-responsive cells do, with each 
group bestowing a name that reflects a dif- 
ferent view of their function. The IL-25—re- 
sponsive cells of Saenz et al. are actually het- 
erogeneous (7). Cells expressing cKit that 
produce IL-4 differentiate into mast cells, 
whereas cells expressing cKit but not IL-4 
develop into basophils and macrophages. In 
addition, this heterogeneous cell population 
promotes the development of T,,2 cells from 
naive T cells, suggesting the name multipo- 
tent progenitor type 2 (MPP?) cells. Moro 
et al. also view their cells as important regu- 
latory cells promoting T,,2 responses and the 
proliferation and activation of B1 cells (a B 
cell subset in the gut-associated lymphoid 
tissue), and thus have named them natural 
helper cells (9). Neill et al. have called the 
IL-25 and IL-33—inducible, IL-13—express- 
ing cells “nuocytes,” nu being the 13th letter 
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of the Greek alphabet. The authors show that 
nuocytes can serve as the sole source of IL-13 
necessary for the expulsion of intestinal hel- 
minths, demonstrating a direct role as effector 
cells (8). Their prominence in the gut-associ- 
ated lymphoid tissue suggests a central role 
in responding to intestinal pathogens. Yet they 
do not respond directly to parasites; rather, 
they are intermediates, responding to IL-25 
and/or IL-33 produced by epithelial and pos- 
sibly other nonhematopoietic cell types (0). 
Despite striking similarities, it is not clear 
whether MPP*?* cells, natural helper cells, 
and nuocytes represent the same discrete cell 
type or several—probably related—cell types. 
Some of the apparent differences may be 
explained by different techniques, but some 
may be more telling. T1/ST2, a polypeptide 
chain of the IL-33 receptor, is expressed by 
natural helper cells and nuocytes but not by 
MPP? cells, the latter of which, unlike the 
others, is not induced by IL-33. It is possible 
that MPP? cells are actually progenitors of 
natural helper cells and nuocytes. 
References 
1. T.R. Mosmann, R. L. Coffman, Annu. Rev. /mmunol. 7, 
145 (1989). 
2. R.M. Locksley, Cell 140, 777 (2010). 
3. A.K. Abbas et al., Nature 383, 787 (1996). 
4. W.E. Paul, J. Zhu, Nat. Rev. Immunol. 10, 225 (2010). 
5. S.D. Hurst et al., J. Immunol. 169, 443 (2002). 
6. J. Schmitz et al., Immunity 23, 479 (2005). 
7. S.A. Saenz et al., Nature 464, 1362 (2010). 
8. D.R. Neill et al., Nature 464, 1367 (2010). 
9 
0 


. K. Moro et al., Nature 463, 540 (2010). 
. §.A. Saenz et al., Immunol. Rev. 226, 172 (2008). 


10.1126/science.1192009 


PALEOCLIMATE 


Uncorking the Southern 
Ocean's Vintage CO, 


Robert F. Anderson’ and Mary-Elena Carr? 


ntarctic ice cores provide a well- 
A examen link between Earth’s cli- 

mate and the CO, content of the atmo- 
sphere over the past 800,000 years (/). Many 
hypotheses to explain this relationship envi- 
sion releases of CO, to the atmosphere from 
the deep waters of the Southern Ocean around 
Antarctica (2), but there has been limited evi- 
dence. On page 1147 of this issue, Skinner 
et al. (3) use the radiocarbon ('*C) content 
in the shells of surface- and bottom-dwell- 
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ing organisms (foraminifera) recovered from 
the Southern Ocean to track how CO, moved 
from the deep sea to the atmosphere during 
the warming transition out of the last ice age 
(deglaciation). First, bottom-dwelling fora- 
minifera record the buildup of '*C-depleted 
CO, in the deep ocean during the last glacial 
period, more than 21,000 years ago. Second, 
the shells of surface dwellers record the trans- 
fer of *C-depleted CO, to the surface between 
~17,000 and 21,000 years ago. 

CO, records from ice cores (4) and '*C 
records from marine archives (5) reveal that 
the '*C content of atmospheric CO, (A“C.,,_) 
declined as CO, rose during the last deglacia- 
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New radiocarbon evidence suggests that 

the Southern Ocean released CO, into the 
atmosphere at the end of the last ice age. 
Two scenarios could explain how and why. 


tion (3). This relationship supports hypothe- 
ses that attribute the rise in CO, to the release 
of ''C-depleted CO, from a reservoir long 
isolated from the atmosphere. 

The deep ocean (below ~2000 m) is 
thought to provide such a reservoir. Respira- 
tory CO, can build up in the deep sea during 
glacial periods, when masses of relatively cold, 
dense water are trapped deep in the ocean and 
there is reduced exchange with surface waters. 
Because '4C is produced by cosmic rays in the 
atmosphere, CO, isolated in deep waters loses 
its ''C content through radioactive decay. Dur- 
ing deglaciation, increased exchange with sur- 
face waters then raises the CO, content of the 


VOL 328 28 MAY 2010 


Downloaded from www.sciencemag.org on May 27, 2010 


1117 


PERSPECTIVES 


LAST GLACIAL MAXIMUM ADIAL 


Ice sheet 
Sea ice = 


EQUATORWARD 
WESTERLIES 


Ice sheet 


Currents and winds. Two scenarios that could account for the rise in atmo- 


spheric CO, at the end of the last ice age. Changes in the ocean play the more 
important role in Scenario A (top), while the atmosphere is more important in 
Scenario B (bottom). Each panel presents a section of the Atlantic Ocean viewed 
from the east. Scenario A, left panel: Expanding sea ice around Antarctica dur- 
ing glacial periods lowers the transfer of momentum from winds to the ocean, 
reducing exchange between deep and surface waters (3), and perhaps acting as 
a physical barrier to the release of CO, from upwelled deep water (74). Forma- 
tion of (NADW) transports heat northward in the Atlantic Ocean. During stadials 
(right panel), injection of fresh water (FW) from northern ice sheets reduces the 
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formation of NADW and allows more heat to remain in the Southern Hemisphere, 
melting back sea ice and allowing more efficient ventilation of CO, from deep 
water. Scenario B, left panel: An equatorward position of the Southern Wester- 
lies (relative to today) (15) allows sea ice to expand over the Southern Ocean 
while reducing the wind-driven ventilation of deep water. During stadials (right 
panel), expanding winter sea ice in the North Atlantic following FW influx and 
reduced NADW formation induces a global reorganization of atmospheric circu- 
lation, including a southward displacement (or intensification) of the Southern 
Westerlies. Reorganization of the winds increases the exchange between surface 
and deep waters, releasing CO, into the atmosphere. 
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atmosphere while lowering A'C,,_, by dilution 
with deepwater CO, (6). 

The “C contents of contemporary sur- 
face- and deep-dwelling marine organisms do 
not always support this hypothesis. Although 
studies in the Atlantic Ocean consistently 
show that the difference between '4C levels 
for deep water and the atmosphere was much 
greater during the last glacial period than it is 
currently (7, 8), results from the Pacific Ocean 
are equivocal (9, /0). In particular, Broecker 
et al. (10) found no significant difference 
between the Last Glacial Maximum and today 
when comparing the '“C of foraminifera from 
the surface and those from a depth of 2.8 km 
in the western equatorial Pacific. Broecker et 
al.’s results present a serious challenge to any 
hypothesis that invokes storage of '*C-depleted 
CO, in the deep ocean during the last glacial 
period because nearly 70% of the ocean lies 
above a depth of 2.8 km. If not in the deep 
Pacific, then where? The new 'C results from 
Skinner ef al. (3) suggest that a 'C-depleted 
reservoir in the deep Southern Ocean may 
account for at least half the observed drop in 
AMC, ,, during deglaciation. 

Increased exchange between the South- 
ern Ocean’s surface and deep waters dur- 
ing deglaciation accounts for the “where” 
and “when” of the processes responsible for 
the rise in atmospheric CO,, but key ques- 


tions concerning “how” and “why” remain. 
Two different (but not mutually exclusive) 
scenarios leading to a deglacial CO, rise are 
illustrated in the figure. One ascribes a lead- 
ing role to changes in the ocean (Scenario 
A). Skinner ef al. invoke a change in ocean 
circulation during deglaciation known as the 
bipolar seesaw (//, /2). During cold intervals 
known as stadials [e.g., Heinrich Stadial 1 
and the Younger Dryas Stadial (3)], the intro- 
duction of fresh water to the North Atlan- 
tic Ocean reduces the northward heat trans- 
port associated with North Atlantic Deep 
Water (NADW) formation. Heat retained 
in the Southern Hemisphere melts back sea 
ice, allowing the winds to drive more effec- 
tively the exchange between surface and deep 
waters in the Southern Ocean and to enhance 
the release of CO, to the atmosphere. 

An alternative scenario (B), while retain- 
ing basic features of the bipolar seesaw, 
ascribes a greater role to atmospheric pro- 
cesses. During stadials, the expansion of win- 
ter sea ice on the North Atlantic Ocean forces 
a reorganization of atmospheric circulation. 
Stadial conditions, known to induce a south- 
ward shift in the Intertropical Convergence 
Zone (ITCZ) (/3), are thought to strengthen 
the Southern Westerlies and/or displace them 
southward (6). This change in the winds 
enhances the exchange between surface and 
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deep water in the Southern Ocean and the 
corresponding release of CO,,. 

Each scenario is triggered by an injection 
of fresh water into the North Atlantic. The 
processes that transmit the signal from north 
to south, however, differ fundamentally. Since 
these processes are inherent in Earth’s cli- 
mate variability, sorting out the relative roles 
for oceanic and atmospheric changes is criti- 
cal. Research on the reorganization of atmo- 
spheric circulation during periods of abrupt 
climate change should be carried out in tan- 
dem with studies of NADW formation. 
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SCIENCE POLICY 


On Capitol Hill, Researchers Offer 
Data to Answer Climate Skeptics 


When a panel of influential scientists visited 
Capitol Hill this month to talk about climate 
change, they offered none of the barbed words 
or emotional confrontation that have been the 
lingua franca of recent political discourse. 

Instead, at a briefing organized by AAAS, 
they answered climate change skeptics as 
they’ve been trained to do: with extensive 
data, and with a reminder that the scientific 
process, though imperfect, remains the best 
available tool for understanding the complex 
workings of the natural world. 

“Skepticism is an integral part of the 
progress of science, and it helps keep the 
science on the correct path,” said veteran 
climate researcher Warren Washington, for- 
mer chairman of the U.S. National Science 
Board. “However, skepticism without specif- 
ics, alternate hypotheses, and facts is worth- 
less. It does not advance the science.” 

But Washington and others acknowledged 
that the reputation of climate scientists has 
been tarnished by the perception that they are 
hostile to those who reject the scientific con- 
sensus. The panelists urged their colleagues to 
listen carefully to skeptics and to publish their 
research when it meets scientific standards. 

The 11 May briefing attracted more than 
100 staffers from congressional offices and 
foreign embassies, along with representa- 
tives of the U.S. State Department, the Con- 
gressional Budget Office, research universi- 


COMMUNICATION 
Screeners Needed for 
Journalism Awards 


Volunteer scientists are needed to review 
entries in the prestigious AAAS Kavli Science 
Journalism Awards program. Scientists resid- 
ing in the Washington, D.C., area, or who will 
be in the area in mid-August to mid-Septem- 
ber, are invited to help screen print, online, 
radio, and television reports for scientific 
accuracy. If interested, please contact Angela 
Bradley (202-326-6408; abradley@aaas.org) 
in the AAAS Office of Public Programs. 
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ties, and nongovernmental organizations. It 
was sponsored by 13 mainstream American 
science organizations representing fields 
ranging from chemistry and meteorology to 
statistics and agriculture. 

AAAS’s Center for Science, Technology, 
and Congress was the lead organizer, with 
U.S. Senator Mark Udall (D—CO) serving as 
honorary host. 

The briefing was the science community’s 
latest effort to answer sustained attacks based 
on a handful of errors discovered in the mas- 
sive 4th Assessment Report of the Intergov- 
ernmental Panel on Climate Change and by 
e-mails apparently hacked from the Climate 
Research Unit at the University of East Anglia 
in the U.K. It came just a day before U.S. 
Senators Joseph Lieberman (I-CT) and John 
Kerry (D-MA) introduced a broad energy and 
climate bill. 

Such context made the event “tremen- 
dously important,” said moderator Alan I. 
Leshner, chief executive officer of AAAS. 
“We all have come to believe that the issue 
of climate change and what we do about it— 
particularly as it relates to the issue of energy— 
is among the most pressing and important 
issues facing not only American society, but 
global society as well.” 

In addition to Leshner, who also serves as 
executive publisher of Science, and Washing- 
ton, who formerly headed the Climate Change 
Research Section at the National Center for 
Atmospheric Research, the panel included 
two extensively published climate research- 
ers: Richard Alley, the Evan Pugh Professor 
of Geosciences at Pennsylvania State Univer- 
sity, and Richard Smith, the Mark L. Reed III 
Distinguished Professor in the departments of 
statistics and biostatistics at the University of 
North Carolina at Chapel Hill. 

The 90-min session served as a short 
course on what is known, and not known, 
about the changing climate. 

Washington listed arguments commonly 
offered by skeptics—there is no global warm- 
ing, or humans are not causing it, or tempera- 
ture records are inaccurate. Smith and Alley 
deconstructed those arguments, concluding 
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The impact of warming. Muir and Riggs glaciers 
in southeastern Alaska receded dramatically from 
1941 (top) to 2004 (bottom). 


that they are largely in error. 

Warming, Alley said, is a matter of basic 
physics: Increase the concentration of car- 
bon dioxide, methane, and other greenhouse 
gases in the atmosphere, and the atmosphere 
will hold in more heat. 

Analysis of the atmospheric gases shows 
that steadily rising CO, concentrations come 
not from volcanoes, he said, but from the 
burning of organic matter, especially fossil 
fuels. Thousands of scientists at research cen- 
ters in many countries have taken thermome- 
ter readings on land, at sea, in the atmosphere, 
and by satellite, and others have documented 
shrinking glaciers. The inescapable conclu- 
sion: The world is getting warmer. 

“A lot of what of what they [skeptics] 
say, at first sight it might appear that they’re 
making reasonable points,” Smith said. And 
yet, he added, “a lot of what they say doesn’t 
stand up to scrutiny.” 

Said Alley: “The whole climate commu- 
nity has spent 30 years trying to find a way 
out of this. Could the Sun be doing it? Could 
the volcanoes be doing it?... [But] we can’t 
explain what has happened recently without 
us—it has our fingerprints.” 

Even so, the panelists agreed, data alone 
won’t build support for climate science. 

“We have to continue to improve our meth- 
ods and the accuracy of scientific informa- 
tion that’s given to policy-makers,” Washing- 
ton said. “Skeptics must be encouraged and 
allowed to publish their research results in the 
scientific literature if the science is sound ... 
because that would be better for science.” 
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AAAS Group Visits Myanmar for Talks on Health, Forestry, and Science 


A six-member delegation led by Nobel lau- 
reate Peter Agre, chairman of the AAAS 
Board of Directors, made a rare visit to 
Myanmar for high-level discussions on 
forestry, health, and other science-related 
issues with science and academic leaders in 
Naypyitaw and Yangon. 

Though few Americans have visited the 
country in recent years, AAAS officials 
described the talks as cordial and construc- 
tive. They were impressed by Myanmar’s 
interest in protecting forests and animal habi- 
tats and cooperatively addressing malaria and 
other infectious diseases. 

“Myanmar is making an effort to educate 
its young scientists, which is complicated by 
limited resources and equipment along with 
a lack of networks of peers, especially in the 
West,” said Agre, who shared the 2003 Nobel 
Prize in chemistry. “This trip may be an impor- 
tant initial step towards connecting their sci- 
entific community with their American coun- 
terparts in a way that advances science.” 

Thet Win, a member of the U.S. del- 
egation and founder of the U.S. Collection 
Humanitarian and Research Corps, said the 
visit sent an important message to the people 
of Myanmar. 

“We are compelled by compassion to 
help those suffering from poverty, disease, 
and environmental and ecological destruc- 
tion,” he said. “Ultimately, only science and 
education can contribute to the solutions and 
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remedies for these ills.... My 
impression is that Myanmar 
scientists and educators are 
interested in engagement 
with AAAS and welcome 
the fact that a well-known 
U.S. organization is looking 
for mutually beneficial ways 
to interact.” 

The delegation was in 
Myanmar, formerly known 
as Burma, from 6 to 10 April. 
Among those who welcomed 
the Americans were the for- 
estry minister, Brigadier- 
General Thein Aung; Dr. 
Mya Oo, the deputy health minister; Ko Ko 
Oo, director-general of the Ministry of Sci- 
ence and Technology; Mya Mya Oo, rector 
of Yangon Technological University and of 
Mandalay Technological University; and the 
pro-rectors of Yangon University. 

The AAAS delegation also included Nor- 
man P. Neureiter, a former science adviser 
to the U.S. secretary of state and currently 
senior adviser to the AAAS Center for Sci- 
ence Diplomacy; Robert J. Swap, a research 
associate professor in environmental sci- 
ences at the University of Virginia; Tom 
Wang, deputy director of the AAAS Center 
for Science Diplomacy; and center Direc- 
tor Vaughan Turekian, who also serves as 
AAAS chief international officer. 


Researchers, Regulators Share Biosecurity Risks 


Research institutions should take the lead in 
securing their labs against biological threats, 
but they would benefit from biosecurity guide- 
lines coordinated across federal agencies, says 
a new report from AAAS. 

More than 400 American laboratories work 
with biological agents that have the potential 
to cause serious harm in a bioterror attack or 
accidental dispersal, but the same laboratory 
materials are also used in valuable disease, 
agricultural, and energy research. Several bills 
pending in the U.S. Senate and House of Rep- 
resentatives would consolidate the list of dan- 
gerous pathogens, expand federal oversight of 
these labs, and establish new security standards 
for the agents that pose the greatest risk. 

As Congress considers this wide-ranging leg- 
islation, the AAAS report urges better commu- 
nication between scientists and security spe- 


cialists to promote flexible security 
programs that will be effective as 
new risks evolve and new technolo- 
gies emerge. 

To achieve this goal, the report 
suggests that the federal govern- 
ment develop a common regulatory 
system for chemical, radiation, and 
biological agents. Academic insti- 
tutions have limited administra- 
tive and financial resources with 
regard to regulation, it notes, and the current 
system of separate requirements often supports 
a “culture of compliance” rather than a culture 
of security. 

At the same time, the report said, universities 
need to do a better job of explaining the role of 
their safety committees and institutional review 
boards to reassure regulators and the public that 


A hopeful visit. AAAS Board Chairman Peter Agre with young 
Buddhist nuns at the Shwedagon Pagoda in Yangon, Myanmar. 
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Most people in Myanmar live at the sub- 
sistence level, and conditions declined fur- 
ther after Cyclone Nargis killed more than 
130,000 people and caused an estimated 
$10 billion in damage in May 2008. 

Ties between Myanmar and the United 
States and much of the West have been pro- 
foundly strained since a popular uprising in 
1988 and subsequent suppression of democ- 
racy movements. Recent visits by U.S. 
officials have signaled possible interest in 
renewed engagement. 

Since their return, delegation members 
have briefed members of Congress and the 
U.S. State Department. They also were fea- 
tured in a public forum at the Center for 
Strategic & International Studies. 


adequate programs are 
in place to address bio- 
security issues. 

The report, “Compet- 
ing Responsibilities?: 
Addressing the Secu- 
rity Risks of Biological 
Research in Academia,” 
summarizes a meeting 
sponsored earlier this year 

by AAAS, the Association of 
American Universities, and the Association of 
Public and Land-grant Universities. The 20 to 
21 January event included university leaders, 
scientists, and representatives of the national 
security community. 

The AAAS report is available at www.aaas. 
org/go/aaas_aau_2010/. 
—Earl Lane and Becky Ham 
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Spatial and Temporal Variations of 
Groundwater Arsenic in South and 


Southeast Asia 


Scott Fendorf,’* Holly A. Michael,2* Alexander van Geen?* 


Over the past few decades, groundwater wells installed in rural areas throughout the major river basins 
draining the Himalayas have become the main source of drinking water for tens of millions of people. 
Groundwater in this region is much less likely to contain microbial pathogens than surface water but 
often contains hazardous amounts of arsenic—a known carcinogen. Arsenic enters groundwater naturally 
from rocks and sediment by coupled biogeochemical and hydrologic processes, some of which are 
presently affected by human activity. Mitigation of the resulting health crisis in South and Southeast 
Asia requires an understanding of the transport of arsenic and key reactants such as organic carbon that 
could trigger release in zones with presently low groundwater arsenic levels. 


in history” is how Smith et al. () 

described the health impact of el- 
evated groundwater arsenic (As) concentrations 
in many parts of Bangladesh. Estimates of the 
tural population exposed to unsafe As levels 
by drinking untreated groundwater in India, 
China, Myanmar, Pakistan, Vietnam, Nepal, and 
Cambodia have grown to over 100 million (2). 
Widespread symptoms of disease in people drinking 
groundwater high in As in some of these countries 
and epidemiological studies conducted elsewhere 
lead to predictions of a doubling of the lifetime 
mortality risk caused by cancers of the liver, blad- 
der, and lung (3, 4). Groundwater containing As 
also causes cardiovascular disease and inhibits the 
mental development of children (5, 6). 

The affected areas of South and Southeast 
Asia are low-lying, topographically flat floodplains 
of rivers that drain the Himalayas (Fig. 1A) (7). 
Unconsolidated sands underlying these floodplains 
host increasing numbers of inexpensive wells 
made of polyvinyl chloride pipe with a cast-iron 
handpump mounted on top (tubewells) that are 
installed to avoid drinking surface water con- 
taminated with microbial pathogens. Extensive, al- 
though by no means sufficient, testing of tubewell 
water for As has been carried out in most of the 
countries that are at risk, with Myanmar the glaring 
exception. 

Within the arsenic-affected areas of South and 
Southeast Asia there is extensive variation in the 
depth distribution of wells (Fig. 1B). In Bangla- 
desh and the bordering state of West Bengal, 
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India, tubewells extend to depths of ~350 m com- 
pared to a maximum of ~100 m in Nepal, Cam- 
bodia, and Vietnam, owing to difference in the 
thickness of unconsolidated sand deposits (8). 
More than half the wells in at least one depth 
interval in each of the five affected countries do 
not meet the World Health Organization (WHO) 
guideline of 10 ug/liter As in drinking water 
(Fig. 1B). There are also numerous wells con- 
taining <10 ug/liter As at all depths. The ex- 
tensive spatial variability of As concentrations at 
shallow depths (9/7), even within a single village, 
hinders comparisons among field sites and the rec- 
ognition of presumably common biogeochemical- 
hydrological processes that regulate As levels in 
groundwater. The source of As is not a mystery, 
however; what is less clear is how the current dis- 
tribution of dissolved As in the subsurface reached 
its current state. This review focuses on what has 
been learned from a decade of field research 
conducted in South and Southeast Asia about 
the processes that resulted in the current dis- 
tribution of As in groundwater and the key 


Bi /\ 


factors that will control changes in the distri- 
bution of As over time. 


What Drives the Release of 
Arsenic to Groundwater? 


Weathering of Himalayan-derived sediment dur- 
ing erosion and transport leads to downstream dep- 
osition of As. The primary sources of As within 
the Himalayas are thought to be eroding coal 
seams and rocks containing sulfide minerals (/2). 
Exposed to the atmosphere, the minerals con- 
tained within these deposits are oxidized, and 
much of their As content is transferred to sec- 
ondary phases including iron (Fe) hydroxides, 
oxyhydroxides, and oxides, collectively referred 
to as Fe oxides hereafter (13, 14). There is indeed 
a positive relation between As and Fe extracted 
from hundreds of sediment samples from the 
Ganges-Brahmaputra-Meghna, Mekong, and Red 
River basins (Fig. 2) (/5—/8). Grain-size separa- 
tion of river-bore and aquifer sedi- 
ments has shown that the fine-grained, 
high-surface area fraction (<<10 um) 
contains five times as much As as bulk 
sediments or mica separates (9, 19-21). 
Destabilizing As on these Fe oxides is 
now recognized as a key step in the 
widespread contamination of ground- 
water, with other phases possibly 
playing a subordinate role (/4, 22, 23). 

Arsenic is released from Fe oxides 
into groundwater as a result of two 
potentially concurrent processes un- 
der the anoxic conditions that pre- 
vail in the subsurface. First, field and 
laboratory evidence suggest that mi- 
crobial reduction of Fe(III) oxides 
liberates As into the dissolved phase 
(23, 24). Reduction of As(V) to more 
labile As(III) probably contributes to 
this release but is hard to distinguish 
from the reduction of Fe oxides under natural 
conditions given the rates of groundwater flow. 
Second, dissolution of Fe oxides is accompanied 
by the release of other ligands such as phosphate 
that compete with As for adsorption on the 
remaining Fe oxide surface sites (9). 

The restriction of high dissolved As concen- 
trations to aquifers composed of gray-colored sands, 
indicative of coatings of reduced or mixed-valence 
Fe(II+III) oxides, and the absence of elevated con- 
centrations from aquifers containing orange sands 
coated with Fe(III) oxides (Box 1) suggest that Fe 
(II) reduction is a primary factor contributing to 
high As concentrations in groundwater (9, 24-28). 
A systematic analysis of the composition of hun- 
dreds of groundwater samples from the Bengal, 
Mekong, and Red River basins has shown that 
high concentrations of As in groundwater prevail 
under advanced stages of reduction rather than 
the onset of Fe oxide reduction (29). 

Microbial Fe(II) and As(V) reduction both 
require a supply of labile organic carbon. When 
the biological oxygen demand from the decom- 
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position of organic carbon exceeds the rate of ox- 
ygen infusion, anaerobic metabolism prevails and, 
following nitrate and manganese reduction, causes 
microbially mediated reduction of Fe(III) to Fe(ID, 
as well as As(V) to As(IID). Elevated groundwater 
As concentrations that broadly correspond with 
increased levels of metabolic by-products in 
groundwater including inorganic carbon, ammo- 
nium, and methane, in addition to dissolved Fe(II), 
are consistent with the central role of organic- 
matter metabolism (/8, 19, 28-30). 


Where Does Arsenic Release to 
Groundwater Occur? 


There are three environmental requirements for 
groundwater As concentrations to increase: water 
saturation (which limits diffusion of atmospheric 
oxygen), a limited supply of sulfur, and a source 
of organic carbon to drive microbial dissolution 
of Fe oxides. The height of the water table, typ- 
ically within 5 m of the surface, indicates where 
oxygen supply is limited and reductive dissolu- 
tion can potentially be initiated (Fig. 3B). The 


400 800km 


domain within which As can be released to 
groundwater is restricted in some shallow (<20 m) 
aquifers where sulfate supplied by recharge has 
not been depleted. This is because sulfate re- 
duction promoted by organic carbon produces 
sulfide that can bind As, forming sparingly sol- 
uble sulfides mineral that effectively remove As 
from groundwater (/3, 29). Marine-influenced 
areas also show inhibition of As release by sul- 
fate reduction along the coasts of Bangladesh (9) 
and Vietnam (37). 

The availability of labile organic carbon as a 
driver of microbial reduction is possibly the most 
prominent outstanding issue limiting our ability 
to predict the distribution of As in groundwater. 
Organic carbon necessary to drive reduction of 
Fe(III) and As(V) can be supplied through various 
pathways. One is co-deposition of plant material 
with sediments over geologic time, also referred to 
as an autochthonous source of carbon (9). Dis- 
solved organic carbon (DOC), produced by re- 
cent degradation of plants in modern soils or in 
buried peat layers and transported to a different 


location by groundwater flow, could be an alter- 
native allochtonous supply (26, 28). The reac- 
tivity of organic matter needs to be considered as 
well (32, 33), as indicated by dissolved inorganic 
carbon typically being younger than DOC (/4, 28) 
and by assays of microbial decomposition (34). 
The relative importance of different sources of 
organic carbon remains undetermined and even 
controversial (32-34). 

In principle, where As is released from aquifer 
sediment and in what quantity will depend on the 
amount of reactive organic carbon and availability 
of As in the sediment. Sediment with recalcitrant 
organic carbon and/or As-bearing Fe oxides is 
expected to release As slowly. In contrast, highly 
reactive forms of both organic carbon and labile 
sediment-bound As should result in the strongest 
release. Field evidence from Nepal, West Bengal, 
Bangladesh, Cambodia, and Vietnam suggests 
both rapid, shallow release of As as well as more 
gradual release at depth (9, 17, 18, 25, 28, 35, 36). 
The available data show that the geological 
setting likely plays an important role, but there 
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Fig. 1. Distribution of arsenic in groundwater of South and Southeast Asia. (A) 
Map of four major river basins draining the Himalayas. (B) Depth distribution of 


Fraction of wells with >10 pg/liter per depth quartile 


are shown on a logarithmic scale. Symbols are color-coded according to the major 
river basins shown in (A). The pink line depicts the fraction of wells that exceed 


As in groundwater determined for five affected countries. Concentrations of As the WHO As guideline of 10 j.g/liter for each depth quartile of the available data (54). 
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remain notable uncertainties regard- 
ing rates of carbon metabolism cou- 
pled to As release. 

The pool of labile As within an 
interval of an aquifer sediment is fi- 
nite and can become depleted despite 
continued reduction of Fe oxides. 
Such a situation has been docu- 
mented for deeper aquifers of Bang- 
ladesh where dissolved As levels are 
low despite elevated Fe(II) concen- 
trations in groundwater (/6). In other 
situations, the available pool of labile 
organic carbon has been depleted al- 
though some labile As is still bound 
to sediment particles. Sediments de- 
posited prior to about 20,000 years 
ago and that were well drained be- 
cause of incision during the last glacial 
sea-level low stand, for instance, con- 
tain limited reactive organic matter. 
The orange color of these oxidized 
deposits indicates that they were de- 
posited with a low concentration of 
organic carbon or that their initial 
organic carbon was oxidized during the low stand 
(9, 15, 16, 25, 26). 

After the initial biogeochemical transforma- 
tions that result in As release from the sediment, 
adsorption on residual or newly formed aquifer 
solids will control dissolved As concentrations. 
Weaker surface complexes of As(III) and the 
degradation of Fe oxides (9) mean that adsorption 
is less pronounced than for As(V) in oxidized 
surface environments (37). Nevertheless, adsorp- 
tion of As(IIJ) does occur within reduced aquifers, 
as indicated by a fairly systematic relation between 
dissolved and adsorbed As across a broad range of 
conditions in Bangladesh (38). This implies that 
As transport is substantially retarded relative to 


Extractable Fe (g/kg) 


Box 1: The color of aquifer 
sands is a useful visual indicator 
of the redox state of an aquifer. 
(Bottom) Orange sands from 
Vietnam indicate the presence 
of Fe(III) oxides that are 
consistently associated with 
low- As water, whereas gray 
sands with reduced or mixed- 
valence Fe(II-+III) oxides (top) 
are often, though not always, 
associated with higher dissolved 
As. Sand color has been used by 
drillers to target low-As 
groundwater in spatially 
heterogeneous aquifers. [Photo 
courtesy of Benjamin Bostick] 
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The main river basins affected 
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Fig. 2. Relation between As and Fe concentrations for a suite of sediment samples 
from three countries based on different extraction methods (9, 14, 18, 50). 


groundwater flow, even if adsorption sites may be 
saturated in aquifer sands under certain conditions 
(9, 28). 


How Does Groundwater Flow Affect the 
Distribution of Arsenic? 


Groundwater flow transports dissolved As as well 
as DOC, oxygen, sulfate, and competing adsorb- 
ates, all of which influence As concentrations. 
When the system is not in a steady state, either 
hydrologically or biogeochemically, As concen- 
trations can be expected to change over time. 
Groundwater flow therefore plays a key role in the 
current distribution of groundwater As and its 
evolution. 


@ Bangladesh 
e ° ™ Cambodia 

A Vietnam (18) 
O Vietnam (50) 


by As (Fig. 1A) share similar hy- 
drogeologic features, most notably 
a monsoonal climate and rapid 
sediment accumulation. Ground- 
water flow systems range in scale 
from the local (tens of meters) to 
the regional (hundreds of kilo- 
meters). Studies of local-scale flow 
systems (39-42), which are most 
relevant to the distribution of As in 
shallow aquifers, illustrate the com- 
plex, site-specific, and transient na- 
ture of natural patterns of recharge 
and discharge (Fig. 3B). Further, 
abundant surface water bodies such 
as rivers, ponds, and wetlands inter- 
act with the groundwater systems. 
Monsoonal rains and dry-season 
irrigation pumping cause reversals 
in hydraulic gradients that can trans- 
form a water body from a source to 
a sink of groundwater and back 
over a year (39-42). Constructed 
ponds, for instance, are numerous 
in the Bengal Basin and vary in their contribu- 
tion to aquifer recharge (34, 39, 43), depending 
on the accumulation of fine-grained bottom 
sediment. Such seasonally and spatially varia- 
ble forcing can result in highly complex ground- 
water flowpaths connecting recharge and discharge 
areas. 

High groundwater pumping can substantially 
alter natural flow patterns. In Bangladesh, the rate 
of groundwater pumping for irrigation is at least 
an order of magnitude higher than integrated 
flow from hand pumps (/6, 39, 44). Irrigation 
pumping and return flow through fields rearrange 
recharge and discharge areas, increase recharge 
rates, and modify regional and local flow patterns 
(34, 39, 44-46). Groundwater use for irrigation is 
greatest in the Bengal Basin and the Terai Basin 
along the southern border of Nepal, less in the 
Red River Basin (/7), and least in the Mekong 
River Basin (4/). Because elevated As concen- 
trations are observed in all these areas (Fig. 1B), 
processes associated with irrigation pumping, 
though potentially important, cannot be the only 
trigger of As release to groundwater. 

The time since recharge, or groundwater age, 
is also an important factor that influences ground- 
water As concentrations. Groundwater age, mea- 
sured by two different radioactive clocks, ranges 
from less than 1 year to a few decades in shallow 
(<20 m deep) aquifers in Bangladesh and Vietnam 
and from centuries to thousands of years in deeper 
strata of Bangladesh (50 to 400 m deep) (Fig. 3A). 
The vertical gradient in groundwater ages reflects 
regional flow systems and flowpaths that link 
distant recharge and discharge areas beneath more 
vigorous shallow and local groundwater circula- 
tion (Fig. 3B). Irrigation water is typically drawn 
from shallow (<100 m) depths and may be partly 
responsible for the pronounced difference in age 
between shallow and deeper aquifers (39, 45). 
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Within the river basins considered here, the 
highly variable As concentrations in young ground- 
water in shallow strata may be due to differences 
in topography on multiple scales. Slightly ele- 
vated, often coarse, sandy deposits appear to be 
associated with lower As concentrations in 
Bangladesh and Cambodia (47-49). Such obser- 
vations suggest that rapid recharge through these 
deposits locally inhibits the release of As, pos- 
sibly by supplying oxygen, nitrate, or sulfate as 
alternatives to Fe oxides for oxidizing organic 
carbon (34, 48). Similar processes prevent release 
of arsenic in water recharged through rice field 
bunds (34). In contrast, low-lying areas in the 
river basins are typically covered with finer-grained 
sediment, frequently flooded, and associated with 
high dissolved As concentrations at shallow depths. 
Rapid release of As under these conditions is 
attributed to co-deposition of labile carbon and 
As-bearing Fe oxides in the seasonally saturated 
surface sediments (/8, 30), infiltration of recharge 
with abundant DOC (/7, 39), or simply slow flow 
of water through As-releasing sediment (48). 

Along the pathway of groundwater flow, 
changes in As concentration will depend on local 
partitioning (adsorption/desorption) with the sed- 
iment as well as reductive release. Arsenic can be 
released from the sediment and eventually flushed 
from the aquifer in areas where the concentration 
of As in inflowing water is below that dictated by 
partitioning, even within reduced gray sands de- 
pleted in Fe(III) (38). Along anaerobic, shallow 
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Fig. 3. (A) Depth distribution of groundwater ages in Bangladesh de- 
termined by either the 2H-*He method (red symbols) or radiocarbon in those 
cases where 7H was measured and not detected (blue symbols) (54). 
Concentrations of As were not reported for three deep samples shown as 


flowpaths containing organic carbon, As concen- 
trations typically increase. This is consistent with a 
correlation between As and groundwater age or 
flow rate within shallow aquifers (2/, 40), and 
with As plumes that originate from natural wet- 
lands high in organic carbon (/8, 30) or con- 
structed ponds (34). The subsurface maximum in 
groundwater As frequently observed within shal- 
low gray reduced aquifers is likely the result of 
layering of groundwater flow having different 
evolutionary histories. High-As groundwater indi- 
cates a plume evolved from active Fe/As reductive 
dissolution/desorption; low-As water can reflect 
flowpaths that lack Fe/As reduction, secondary 
As-sulfide precipitation, various extents of sedi- 
ment flushing, or mixing near irrigation well intakes 
(6, 28, 34, 38, 45). 


How Vulnerable Are Low-Arsenic Zones? 


Low-As zones within the aquifer systems of the 
affected basins are rarely distinct aquifers and can 
be associated with reduced gray [Fe(II) domi- 
nated] or oxidized orange [Fe(III) dominated] 
sands (16). Zones of low dissolved As occur in 
gray sands where As is removed by sulfide (/3) 
and along flowpaths where adsorbed As has been 
flushed by sustained recharge or has never been 
released (/6, 38). Low-As zones associated with 
oxidized orange sands are often deeper (>100 m) 
but, depending on the local geology, are occa- 
sionally preserved at shallower depths (9, 10, 50). 
Groundwater is typically anoxic throughout the 
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affected region, even within orange sand de- 
posits. The vulnerability of shallower and deeper 
low-As zones to human perturbation must be un- 
derstood because millions of households in 
Bangladesh have switched their consumption to 
a nearby low-As well identified by testing in the 
field (57). 

Low-As zones can be protected against in- 
trusion of high-As groundwater by favorable 
hydraulics or geochemical processes. Hydraulic 
protection occurs where the source area that con- 
tributes water to a particular zone is not high in 
dissolved As or solutes that can mobilize As. 
Geochemical protection occurs because of As ad- 
sorption or precipitation (e.g., As-bearing sulfides). 
Experiments and modeling indicate that break- 
through of As through 10 m of orange sands may 
lag groundwater flow by hundreds of years 
because of adsorption (37). 

Shallow low-As zones are particularly vul- 
nerable to As invasion owing to complex and rapid 
flow combined with the patchy distribution of 
dissolved and solid-phase As (Fig. 3B). The 
adsorption capacity of gray sands that prevail at 
shallow depths is lower than that of orange sands 
and further contributes to the vulnerability of 
shallow low-As zones. A primary threat is ad- 
vective transport from adjacent high-As zones 
because groundwater flows much more easily 
laterally than vertically through stratified sediments. 

Deeper groundwater (>100m deep) is more 
uniformly low in As (Fig. 1B) and already a 
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light blue circles but are likely to be low; the age of samples shown as gray 
circles is uncertain owing to their low *He content. (B) Conceptual diagram 
modified from (9) showing the key processes affecting the distribution of As in 
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widely used and potentially sustainable source of 
safe water in certain portions of the Bengal Basin. 
Hydraulic protection of deep groundwater requires 
geologic separation of high- and low-As strata or a 
regional flow system in which the recharge location 
is low in As. Deep, regional systems likely occur in 
much of the Bengal Basin despite low regional 
hydraulic gradients because of its large extent, 
depth, and extreme vertical heterogeneity (44, 52). 
Hydraulic gradients in the Mekong (41), Red River 
(42), and Terai basins are similarly low, but the 
basins are smaller and shallower, and thus may have 
more limited regional flow. Numerical modeling of 
groundwater flow in the Bengal Basin (44) has 
shown that hydraulic protection may last for at least 
1000 years in much of the As-affected area if wells 
are deeper than 150 m and pumping rates from deep 
aquifers are limited to domestic supply. In contrast, 
deep pumping for irrigation occurs at order-of- 
magnitude higher rates compared to hand pumps 
and could induce much earlier and larger-scale 
downward migration of As (44). 

Human-induced changes have and will con- 
tinue to threaten low-As zones. Whereas hydrau- 
lic heads and flow velocities respond quickly to 
changes in physical forcing, solute concentra- 
tions require a period at least equivalent to the 
groundwater residence time to reach a new equi- 
librium. This applies in particular to shallow aqui- 
fers where the duration of human-induced change, 
such as irrigation pumping or the digging of 
ponds, has been approximately equivalent to the 
residence time of groundwater (39). Raising vil- 
lages above flood level using low-permeability 
clay also creates a cap that inhibits recharge and 
could lead to a buildup of As in shallow aquifers 
previously suitable for drinking (49). Transport 
of reactive DOC by wrigation pumping into a 
zone of either gray or orange sands that currently 
lacks a source of organic matter could also lead to 
the onset of reductive dissolution and As release 
into groundwater (28, 34). 

Where hydraulic protection does not exist, 
in shallower strata or where pumping rates are 
high, a zone may remain low in As for extended 
periods because of retardation by adsorption (37). 
The delay in the appearance of elevated levels of 
As should decrease with increasing velocity and 
increase with flow distance, particularly through 
orange sands. The lower rate at which water is 
drawn from a community hand pump is therefore 
preferable to a mechanized pump connected to a 
piped-water supply system. Where feasible, wells 
should extend as deep as possible into deep 
orange sands rather than into gray sands or shallow 
orange sands. These recommendations are con- 
sistent with the outcome of monitoring a set of 
hand-pumped community wells in Bangladesh 
during which a few increases in As concentrations 
were recorded during the initial years (mostly in 
wells <60 m deep) and none since (53). 


Priorities for the Future 


The laterally and vertically heterogeneous dis- 
tribution of As has one advantage—many vil- 


lagers in the affected regions live within walking 
distance of a well that is low in As or within 
drilling distance of such a zone. Governments 
and international organizations should therefore 
reinvigorate moribund well-testing campaigns and 
encourage periodic monitoring of wells using field 
kits. Better use should also be made of existing 
geological data and compiling test results to target 
those zones that are low in As for the installation 
of community wells. Even if wells tapping deeper 
strata are more likely to be hydraulically and 
chemically protected, tens of thousands of deep 
wells installed throughout Bangladesh (5/) should 
be retested, which currently happens rarely. 

As outlined in this review, the downside of 
patchiness is poor predictability and potential 
sensitivity of those aquifers that are low in As to 
changes in flow and/or related biogeochemical 
reactions. Ata limited number of judiciously selected 
locations, analysis of organic matter and As reactivity 
should therefore be coupled with more detailed 
evaluation of the local hydrology. Another topic 
that deserves closer study is the viability of rural 
piped-water supply systems, currently favored by 
some governments and international organiza- 
tions, as opposed to community hand pumps. Mech- 
anized pumps concentrate deep pumping and are 
more likely to draw in high-As water from shallower 
aquifers. 

Every effort should be made to prevent irri- 
gation by pumping from deeper aquifers that are 
low in As. The accumulation of As in paddy soil 
and rice grains is a source of concern, but deep 
aquifers should not be compromised by abstrac- 
tion for irrigation. This precious resource must be 
preserved for drinking—the most direct and efficient 
route of exposure to As. 
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cidence angle. The calculated scattering spectra 
of a heptamer for different polarization angles are 
shown in Fig. 3C, where the cluster geometry is 
identical to that used in Fig. 3A. These spectra 
display Fano minima at 1450 nm, with asym- 
metric line shapes that match the experimental 
spectra. The nanoshell separation modeled here is 
smaller than that used for the trimer calculations 
to account for the strongly red-shifted Fano min- 
imum. This red shift is probably due to a combina- 
tion of at least three factors: (i) smaller nanoshell 
separation due to inhomogeneous self-assembled 
monolayer coverage, (ii) a higher—-refractive-index 
environment near the cluster due to excess poly- 
mer deposition, and (iil) increased capacitive 
coupling between the nanoparticles due to nano- 
shell faceting. 

This cluster concept can be generalized to 
other functional 2D and 3D structures. One ex- 
ample is the tetrahedral cluster, which supports 
isotropic electric and magnetic resonances in 
three dimensions (28) and can be used as a build- 
ing block for isotropic metamaterials. Symmetry 
breaking can be applied to engineer other types 
of optical modes: Trimers comprising three dif- 
ferent particle types support magnetoelectric 
modes, and tetrahedral clusters comprising four 
different particle types are chiral. Nonspherical 
plasmonic particles can be used to construct more 
elaborate structures, provided that their orienta- 
tions can be controlled during assembly. In all 
of these structures, resonances can be tuned by 
varying individual particle geometries, interpar- 
ticle separation, and the dielectric environment 
of the cluster. The assembly of clusters from 
solution is highly versatile: It can lead to liquid 
metamaterials or “metafluids” (28), be integrated 
into soft materials such as gels, or be encapsu- 


lated and dried onto surfaces of arbitrary curva- 
ture or patterning. Future work will focus on these 
applications and on achieving higher cluster yields 
comparable to those attained with lithographical- 
ly defined patterns (29), emulsion droplets (30), 
and DNA linking (3/). 
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How Grain Growth Stops: A 
Mechanism for Grain-Growth 
Stagnation in Pure Materials 


Elizabeth A. Holm* and Stephen M. Foiles 


The thermodynamic equilibrium state of crystalline materials is a single crystal; however, 
polycrystalline grain growth almost always stops before this state is reached. Although typically 
attributed to solute drag, grain-growth stagnation occurs, even in high-purity materials. Recent 
studies indicate that grain boundaries undergo thermal roughening associated with an abrupt 
mobility change, so that at typical annealing temperatures, polycrystals will contain both smooth 
(slow) and rough (fast) boundaries. Mesoscale grain-growth models, validated by large-scale 
polycrystalline molecular dynamics simulations, show that even small fractions of smooth, slow 
boundaries can stop grain growth. We conclude that grain-boundary roughening provides an 
alternate stagnation mechanism that applies even to high-purity materials. 


ost metals and ceramics are polycrys- 
talline: They are made up of many 
individual crystallites, called grains, 
separated by internal interfaces or grain bounda- 
ries. When polycrystalline materials are annealed 


at sufficiently high temperatures, grain bounda- 
ries move and rearrange so as to increase the 
average grain size and decrease the grain- 
boundary area per unit volume. However, even 
at very high temperatures, grain growth only 


rarely proceeds to the equilibrium single-crystal 
state. Instead, grain growth usually stops, though 
substantial internal interface remains. In fact, 
grain stagnation is so pervasive that most grain- 
growth models presume a finite maximum grain 
size based purely on empirical observations (J). 

Understanding and controlling grain growth 
is important to nearly every engineered material. 
For materials that rely on strength, toughness or 
formability, including most nanocrystalline 
materials, a stable, fine grain size is desirable. 
However, there are also important systems, such 
as superalloy turbine blades and silicon photo- 
voltaics, in which a large (or even single-crystal) 
grain size is preferred. 

There have been many grain-growth stagna- 
tion mechanisms proposed, each valid in certain 
regimes. Well-known processes that reduce the 
driving force for grain growth sufficiently to 
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Fig. 1. Distribution of grain-boundary roughening- 
transition temperatures for several hundred grain 
boundaries in Ni calculated by MD simulations (27). 
The width of the bars corresponds to the temper- 
ature bin width; data points are located at the mean 
temperature of each bin. The solid line is a guide for 
the eye. 


produce a metastable polycrystal include pinning 
by dispersed particles (2), pinning by thermal 
grooves (3), and the film-thickness effect (4). 
These occur only in films or in systems contain- 
ing an immobile second phase. In other mate- 
rials, grain-growth stagnation is often attributed 
to the segregation of solute species to the grain 
boundary. Solutes inhibit grain growth by requir- 
ing the boundary to move in concert with its solute 
cloud (5—9) or by directly changing boundary- 
migration mechanisms (/0, //). For most solutes 
and temperatures of interest, this substantially 
slows grain-boundary motion and, hence, also 
slows grain growth. However, grain-growth stag- 
nation is also observed in systems in which solutes 
should not limit growth, including high-purity 
materials (/2, /3), nanocrystalline materials that 
should be in the solute breakaway regime (/4, /5), 
and materials at high homologous temperatures 
where solute diffusivity should be high (/5). It is 
reasonable to suppose that there might be another 
active grain-growth stagnation mechanism in these 
systems. 

We recently calculated grain-boundary mo- 
bility, which scales how fast a boundary can 
move in response to a driving force, for a catalog 
of 388 grain boundaries in Ni using a synthetic— 
driving force molecular dynamics (MD) method 
(16, 17). At a given temperature, mobility falls 
into two ranges: (i) high-mobility (fast) bounda- 
ries and (ii) low-mobility (slow) boundaries, 
whose mobility is too small for us to measure 
via MD. Typical high-mobility boundaries move 
continuously with well-defined activation ener- 
gies and atomically rough-boundary structures. 
On the other hand, low-mobility boundaries 
move in a jerky, stepwise manner with different 
activation energies and atomically smooth bound- 
ary structures (J8). The boundary structure 
changes from smooth/low-mobility to rough/ 
high-mobility at a characteristic temperature, T, 
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Fig. 2. Grain growth in a polycrystal con- 
taining smooth and rough grain boundaries, as 
calculated by mesoscale grain-growth simula- 
tions. (A) Grain-growth kinetics for a typical 
simulation at various smooth boundary frac- 
tions; note that grain growth stagnates for every 
fraction studied. Time is given in units of Monte 
Carlo steps (MCS). (B) The stagnant grain size 
relative to the initial grain size, as a function of 
smooth boundary fraction. Data points show the 
mean stagnant size + 1 SD for n = 16 inde- 
pendent simulations at each smooth boundary 
fraction. The solid line is the power-law curve fit 
indicated. (C) The stagnant grain size relative to 
the initial grain size, as a function of tempera- 
ture. Bar width is from Fig. 1, and data points 


and error bars are extracted from the data in Fig. 2B. 


(the roughening temperature), which can vary by 
hundreds of degrees from boundary to boundary, 
as discussed by Olmsted et al. (17). Figure 1 shows 
the distribution of roughening temperatures for our 
catalog of Ni boundaries: At low temperature, 
most boundaries are smooth and slow, but even 
at 0.9 T,, (where 7, is the melting temperature), 
~10% of the boundaries remain smooth and slow. 

It is important to note that the roughening 
transition is not related to faceting, in which 
certain crystallographically favored grain bound- 
aries decompose into flat facets that lie along 
low-energy inclinations (/9—2/). Because faceting 
results in both high and low grain-boundary 
mobilities (22, 23), it is not generally implicated 
in grain-growth stagnation (24). In contrast, the 
roughening transition occurs in all boundaries, not 
just those that are thermodynamically inclined to 
facet, and the structure of smooth boundaries does 
not include crystallographic facets (18). Smooth 
boundaries generally have very low mobility, which 
could inhibit grain growth. Because faceting and 
roughening are distinct phenomena, it is possible 
that a single grain boundary could undergo both 
transitions at different temperatures; however, this 
report concems only the microstructural effects of 
grain-boundary roughening and its associated 
mobility transition. 

To determine the effect of boundary roughening 
on grain growth in a polycrystal, we incorporate 
the boundary mobility and roughening data in 
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Fig. 1 into a mesoscale simulation of polycrystal- 
line microstructural evolution (25-28). When all 
boundaries are rough/high-mobility, we find that 
grain growth proceeds to the equilibrium single- 
crystal state. In contrast, in simulations that in- 
clude smooth/low-mobility boundaries, grain 
growth slows dramatically at a finite grain size 
that decreases as the fraction of smooth bounda- 
ries, fo, increases, as shown in Fig. 2A. It is not 
surprising that immobile boundaries can slow or 
stop grain growth; however, it is unexpected that 
the grain structure stagnates at such small smooth 
boundary fractions, because the motion of mobile 
boundaries can sweep out immobile boundaries. 
Our results show that in a polycrystal, grain 
boundaries form an interconnected network that 
may be pinned, even when many individual 
boundaries remain unpinned. This observation 
applies, not only to pinning by smooth bounda- 
ries, but also to other stagnation mechanisms. For 
example, particle pinning theories disagree on 
whether all or merely a fraction of boundaries 
must be pinned by intersecting particles for the 
grain structure to be stabilized (29, 30). The 
present results indicate that pinning a fraction of 
boundaries is sufficient. 

The stagnant grain size relative to the initial 
grain size (that is, D,/Do) decreases as a power 
law in fo, as shown in Fig. 2B. By combining 
Fig. 1 and Fig. 2B, we can determine the stagnant 
grain size as a function of temperature, as shown 
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Fig. 3. MD simulations of grain growth in polycrystalline nickel. (A) 
Grain-growth kinetics for individual simulations at three homologous 
temperatures. Solid black lines show normal growth kinetics with 
grain diameter proportional to the square root of time; dashed lines 
indicate the stagnant grain size predicted by mesoscale simulations. 
(B) Time evolution of a slice through the 3D system at T = 0.75 T,, at 


in Fig. 2C. At low temperatures, very little grain 
growth can occur due to a large fraction of 
smooth/low-mobility boundaries. Even at 0.9 T,, 
which is higher than many industrial-annealing 
temperatures, the grain size can increase only by 
one order of magnitude before being pinned by 
smooth boundaries. Within our mesoscale simu- 
lations, smooth boundaries can provide an 
effective grain-growth pinning mechanism, but 
are they likely to be a factor in real materials? 

Although we observed grain-boundary rough- 
ening in flat grain boundaries (/8), boundaries in 
real polycrystals are curved. It seems reasonable 
to wonder whether the geometric constraints 
imposed by boundary curvature might prevent 
the realization of a smooth/low-mobility bound- 
ary structure. The obvious solution is to measure 
the atomic roughness of curved boundaries 
directly, but this poses a challenge for boundaries 
of unknown shape. Furthermore, geometric 
roughness is an inherently noisy measurement, 
and for small boundaries, the noise often ob- 
scures the signal of the roughening transition (/8). 
Mobility is a reliable indicator of boundary rough- 
ness, but it is not feasible to measure the mobil- 
ity of boundaries in a polycrystal, in which the 
driving force is poorly characterized and contin- 
ually changing. Although we do not yet have a 
robust metric to probe boundary roughness in a 
polycrystal, we can look for the effects of smooth 
boundaries indirectly via atomic-scale grain- 
growth simulations. 

We begin by building realistic, three-dimensional 
(3D) nickel polycrystals. Grains are randomly 
oriented, and grain boundaries assume the 
structure, crystallography, energy, and mobility 
naturally imposed by the orientations of the two 
neighboring grains. We used MD to evolve these 
structures at various temperatures (28, 3/1, 32). 
Figure 3A shows the evolution of grain size with 
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time. After an initial transient, the average grain 
radius increases with the square root of time, as 
expected for normal grain growth (4). Some 
investigators have suggested that, in nanocrys- 
tals, grain growth should be governed by triple 
junction mobility and should follow a linear 
growth law (33), and a previous polycrystal MD 
simulation seemed to support this (34). However, 
those simulations examined only the first 500 ps 
of growth. Our results show that, after a short 
initial transient, nanocrystalline grain growth 
follows the same ft’ kinetics (where ¢ is time) 
observed in microcrystalline materials. 

After a period of normal grain growth, Fig. 3A 
shows that grain growth slows dramatically at the 
two lower temperatures that we studied. Earlier 
simulations of grain growth in a perfectly pure 
metal were not able to access the system size or 
time scale necessary to reach the grain size where 
slowing occurs (34). A cross section of a stagnant 
polycrystal is shown in Fig. 3B; there are no ap- 
parent microstructural features that distinguish 
this stagnant microstructure from a freely evolving 
one. 

The mesoscale grain-growth simulation data 
in Fig. 2C suggest that smooth grain boundaries 
should pin grain growth at a relative grain size 
D,/Do = 2.5 (12.5 nm) at T= 0.65 T, (where T 
is temperature) and at D,/Dp = 3.7 (18.5 nm) at 
T=0.75 Ty. [At T= 0.85 T,,, the pinned relative 
grain size D,/Do = 5.6 (28 nm) is beyond the 
limitations of the MD system size.] These pinned 
grain sizes are shown as dotted lines in Fig. 3A. 
The stagnant grain sizes predicted by the meso- 
scale grain-growth model are in agreement with 
the stagnant grain sizes observed in the MD simu- 
lations. Although this is not conclusive proof that 
smooth boundaries are a mechanism of grain- 
growth stagnation in pure polycrystals, it is 
highly suggestive. 


initial structure, t= 0 ns t=1ns 


t=5ns 


0, 1, 3, and 5 ns. The atomic color scheme reflects local lattice ori- 
entation: Red atoms are hexagonal close-packed coordinated (i.e., dis- 
locations, twins); black atoms are of unknown coordination (i.e., grain 


Controlling grain size to optimize properties 
is a fundamental problem in materials science. 
One aspect of this is understanding how grain 
growth stops. A number of mechanisms have been 
proposed to explain various instances of grain- 
growth stagnation. Smooth-boundary pinning offers 
a mechanism for how grain growth stops in per- 
fectly pure materials, even at high homologous 
temperatures. 
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Interface-Confined Ferrous Centers 
for Catalytic Oxidation 


Qiang Fu,’* Wei-Xue Li,”?* Yunxi Yao,? Hongyang Liu,’ Hai-Yan Su,”'? Ding Ma,” Xiang-Kui Gu, 
Limin Chen,? Zhen Wang,? Hui Zhang,? Bing Wang, Xinhe Bao't 


Coordinatively unsaturated ferrous (CUF) sites confined in nanosized matrices are active centers in a wide 
range of enzyme and homogeneous catalytic reactions. Preparation of the analogous active sites at 
supported catalysts is of great importance in heterogeneous catalysis but remains a challenge. On the 
basis of surface science measurements and density functional calculations, we show that the interface 
confinement effect can be used to stabilize the CUF sites by taking advantage of strong adhesion between 
ferrous oxides and metal substrates. The interface-confined CUF sites together with the metal supports 
are active for dioxygen activation, producing reactive dissociated oxygen atoms. We show that the 
structural ensemble was highly efficient for carbon monoxide oxidation at low temperature under typical 
operating conditions of a proton-exchange membrane fuel cell. 


containing catalysts falls typically in the range 

of 1 to 10 nm. The catalytically active sites in 
these catalysts are often coordinatively unsaturated 
metal cations that are able to undergo facile elec- 
tron transfer and promote catalytic reactions, as 
has been studied in (/—5). In oxygen-carrying 
hemoglobin, the iron (IJ) ion constrained in a 
planar porphyrin ring could transport O via fac- 
ile interconversion between Fe”" and Fe** states 
(6). Homogeneous catalysis in aqueous solutions 
uses Fenton’s reagent, being a mixture of Fe”* 
ions and H,O,, to produce hydrated ferryl ions 
[(H20);Fe'YOP*, which act as the active inter- 
mediates to oxidize various organic compounds, 
such as methane (7). However, for heterogeneous 
catalysis with nanopore environments the active 
species in Fe-ZSM-S and Fe-silicalite zeolites 
are also coordinatively unsaturated Fe grafted 
to the zeolite crystalline matrix. The dissocia- 
tion of NO at the Fe sites leads to formation of 
“a-oxygen” species, which are active in the selec- 
tive oxidation of benzene to phenol at mild con- 


I: many catalytic processes, the size of metal- 
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ditions (8). These characteristic coordinatively 
unsaturated ferrous (CUF) sites are confined by 
various ensembles such as proteins, ligands, and 
nanopore matrix, which are essential for their 
high reactivity and stability in the catalytic oxi- 
dation reactions mentioned above (9). 


Fig. 1. (A) STM image 
(200 nm x 200 nm) from 
the 0.25-ML FeO,,/Pt(111) 
surface. (Inset) An atomic- 
resolution STM image of 
FeO monolayer nanois- 
lands (25 nm x 20.8 nm) 
recorded at liquid N2 tem- 
perature. (B) Ratios of XPS 
O 1s to Fe 2p3)2 peak in- 
tensity from FeO ./Pt(111) 
surfaces with different 
periphery density of FeO 
nanoisland. Samples 1 to 
3 are 0.25-ML FeO nano- 
islands prepared at 1.3 x 
10°° mbar O> and an- 
nealed in UHV at 473, 
573, and 673 K, respec- 
tively. Sample 4 is the 
full-monolayer FeO film 
on Pt(111). The STM im- 
ages are all 100 nm by 
100 nm. (C) Dependence 
of reactivity of CO oxi- 
dation on the periphery 
density at 0.25-ML FeO,_,/Pt(111) surfaces. 
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Preparation of an analogous ensemble at sup- 
ported heterogeneous catalysts, which account 
for 80% of the catalytic processes in industrial 
chemistry, is of great importance. This, however, 
remains a challenge because of their high struc- 
tural complexity and flexibility under operat- 
ing conditions. On the basis of surface science 
measurements, density functional calculations, 
and catalytic reactions under realistic conditions, 
we describe here a strategy to achieve this goal 
that takes advantage of the confinement effect at 
interfaces between nanostructured ferrous oxides 
(FeO) and metal (Pt) substrates. The interface- 
confined CUF sites and neighboring Pt atoms 
are identified conclusively as the active cen- 
ters to activate O. The dissociated atomic oxy- 
gen atoms therein present modest adsorption 
energy and thus are highly reactive. Catalytic re- 
action experiments on the supported Pt-Fe cata- 
lysts prepared by a dedicated and reproducible 
synthesis method show that the identified en- 
semble is highly active, selective, and robust 
for CO oxidation, even under operating con- 
ditions of a proton-exchange membrane fuel cell 
(PEMFC). 
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Construction of FeO nanoislands on the metal 
support was done by depositing Fe on Pt(111) 
under oxidizing conditions and characterized by 
an ultra-high vacuum (UHV) multi-probe surface 
system (/0). Figure 1A shows a typical scanning 
tunneling microscopy (STM) image taken from 
Pt(111) with 0.25-monolayer (ML) Fe deposited 
at 150 K in the presence of 1.3 x 107 mbar O, 
followed by annealing up to 473 K in UHV. The 
FeO nanoislands formed are monolayer-dispersed. 
The Moiré patterns and surface atomic struc- 
tures of the nanoislands are the same as those 
of a monolayer FeO film grown on Pt(111), com- 
prising one layer of Fe above Pt substrates and 
one layer of O on top of the Fe layer (//). The 
presence of ferrous species was further verified 
by the characteristic x-ray photoelectron spectra 
(XPS) Fe 2p3,. peak at binding energy (BE) of 
709.3 eV, in comparison with the BEs of 707.3 
eV from a metallic Fe film grown on Pt(111) and 
711.0 eV in ferric oxide deposited on highly ori- 
ented pyrolytic graphite (fig. S1). 

At the periphery of the two-dimensional (2D) 
FeO nanoislands, there are a number of CUF 
sites indicated by the decreased ratio of the mea- 
sured O Is and Fe 2p3,. peak heights as com- 
pared with that of the monolayer FeO films 
grown on Pt(111). To more easily identify the 
changes, we deposited a fixed amount of Fe 
(0.25 ML) but annealed at various tempera- 
tures. In this way, the corresponding dispersion 
of FeO nanoislands prepared could be changed 
gradually. To quantify the dispersion, we de- 
fined the specific periphery density (SPD) as 
the length of the periphery of FeO nanoislands 
per unit area of the Pt substrate. As shown in 
Fig. 1B, the ratios of O/Fe XPS signals measured 
from 0.25 ML FeO nanoislands with different 
dispersions are all less than that of the monolayer 
stoichiometric FeO film on Pt(111). This shows 
that the FeO nanoislands are oxygen-deficient. 
Moreover, the ratio of O/Fe XPS signals de- 
creases monotonically as the SPD increases. This 
means that the oxygen deficiency mainly occurs 
at the peripheries of FeO nanoislands, and the 
corresponding ferrous Fe atoms there are coor- 
dinatively unsaturated (denoted as FeO,.,/Pt(111), 
x<1). 

XPS and ultraviolet photoelectron spectros- 
copy (UPS) were used to study CO oxidation on 
the 0.25 ML FeQ,.,/Pt(111) surfaces. Because of 
the strong bonding of CO on Pt (/2), the exposed 
Pt(111) surface would be saturated by CO even at 
room temperature (RT). In contrast, the FeO 
surface is inert for CO adsorption at RT (/3). This 
can be seen from fig. $2, in which the O 1s peak 
from the adsorbed CO decreases linearly with the 
coverage of the FeO nanoislands. To investigate 
the reactivity of the FeO,.,/Pt(111) surfaces, we 
first presaturated the samples with CO. After- 
ward, a steady-state flux of O2 at nominally 5.2 
10 ® mbar was leaked into the chamber at RT. 
The removal of CO was studied by monitoring 
the variation of the characteristic in situ UPS 
peaks at a BE of 9.4 eV from So and In states of 


adsorbed CO (/4). On the FeO,.,/Pt(111) sur- 
faces, the adsorbed CO was found to react off by 
O, exposure within 5 min, whereas Pt(111) shows 
negligible activity under the same conditions. 
The reaction rate was determined on the basis of 
the UPS intensity versus the reaction time plots 
(fig. S3). In Fig. 1C, the rate of CO removal is 
plotted as a function of the SPD of the FeO nano- 
islands, and a linear correlation between the rate 
and SPD can be seen. This shows unambiguous- 
ly that the CUF sites at the peripheries of the FeO 
nanoislands on Pt(111) are the active sites for CO 
oxidation. 

If the prepared 2D FeO nanoislands were 
oxidized further (to 1.3 x 10° mbar O>, 673 K) 
to 3D ferric oxide nanoislands [denoted as 
FeO,,,/Pt(111)], the corresponding reactivity was 
remarkably lower at RT (fig. S4). Considerable 
reactivity could only be found when the temper- 
ature was higher than 400 K (/5). The reactiv- 
ities of metallic Fe overlayers grown on Pt(111) 
and Pt(111) with subsurface Fe were lowered too 
(fig. S4). Among various model systems con- 
sidered, the FeO,.,/Pt(111) surface presents the 
highest reactivity because of the presence of the 
CUF sites. 

Density functional theory (DFT) calculations 
were performed in order to reveal the origin of 
the high reactivity of the FeO,.,/Pt(111) surfaces 
(70). First, calculated adsorption energies for CO 


Pt(111) 


B_ CUF sites and O, Diss. 


i 


FeO, /Pt(111) 


and O, on Pt(111) (0.25 ML) are —1.64 eV per 
CO molecule and -0.71 eV per Oz molecule 
(Fig. 2A). The substantially larger adsorption 
energy of CO than O, by about one eV indicates 
that Pt(111) tends to be covered by CO, which 
would block the sites for O2 adsorption and ac- 
tivation. Thus, CO oxidation on Pt(111) would be 
hindered by adsorbed CO at modest temperatures 
despite that the calculated reaction barrier (0.85 eV) 
between CO and dissociated O is not high, which 
agrees well with previous experiments (/6). 

In contrast, FeO,.,/Pt(111) shows a much 
higher reactivity for O, activation (fig. S5). 
Depending on the CUF sites, O2 may either dis- 
sociate directly to atomic O without barrier, or 
adsorb molecularly first with a binding energy 
of about —1.51 eV per O» (Fig. 2A) and after- 
ward dissociate to atomic O with a barrier of 
0.42 eV [the corresponding transition state (TS) 
shown in Fig. 2B]. On the other hand, we find 
that CO adsorption at the CUF sites is unstable. 
The preferential adsorption and activation of O2 
over the CUF sites on the FeO,.,/Pt(111) sur- 
faces are the main reason why these surfaces 
do not become CO poisoned. Adsorption energy 
for the dissociated O atoms at the CUF sites is 
—1.10 eV/O. Compared with oxygen atoms ad- 
sorbed on metallic Fe or inside a 2D FeO over- 
layer with energy of —3.0 eV, which was too 
strong to be reactive, the bonding strength for 


Cc 


Fec FeO domain on Pt 


Projected Density of States (a.u.) 


Energy (eV) 


Fig. 2. (A) Calculated adsorption energy (in eV) for CO and O2 molecules on Pt(111) and FeO,.,/Pt(111) 
surfaces. (B) Schematic structure of the CUF sites and calculated transition states of O, dissociation (the 
inset shows the top view) at the boundary between FeO and Pt(111). (C) Projected density of states for 
interfacial Fe, O, and Pt atoms at FCC domains of FeO overalyer on Pt(111) using (1/84 x /84) R10.9°— 
FeO/Pt(111) supercell. Pt, Fe, C, and O atoms are indicated by blue, purple, gray, and brown balls, 
respectively. For details, see figs. $5, $6, and S7 and (10). 
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O atoms at the CUF sites is optimum and would 
make these sites active. Indeed, the reaction bar- 
rier between O at the CUF sites and CO adsorbed 
on neighboring Pt atoms is only 0.63 eV (the 
corresponding TS is shown in fig. S6). After 
removal of atomic O by CO, Fe atoms at the 
boundary resume the coordinatively unsaturated 
state and get ready for O2 adsorption and dis- 
sociation to close the cycle. In this catalytic cycle, 
the boundary between the FeO nanoisland and Pt 
provides multiple sites (CUF and Pt atoms) for 
O, activation and CO adsorption, and the CO 
oxidation occurs according to the bifunctional 
mechanism (/7, /8). 

The formation of the CUF sites at the pe- 
ripheries of the FeO nanoislands is due to the sta- 
bilization of interface confinement between the 
oxide overlayers and the metal supports. To verify 
this, we studied the interfacial interaction between 
FeO overlayer and Pt(111) substrate using a model 
of (/84 x /84)R10.9° — FeO/Pt(111), and the 
calculated interfacial adhesion energy is 1.40 eV 
per FeO formula (fig. S7). The interfacial adhesion 
comes from the strong interaction between inter- 
facial Fe and Pt atoms, as seen clearly from their 
extensive orbital hybridizations (Fig. 2C). The 
strong adhesion between FeO overlayers and Pt 
substrates stabilizes the monolayer ferrous oxide 
against further oxidation into ferric oxide (/9, 20). 
CO oxidation on FeO,.,/Pt(111) might maintain 
its activity even in the presence of H, because 
dissociative adsorption of H2 on Pt suffers from 
CO poisoning. Indeed, our calculations show that 
on 0.67-ML CO precovered Pt(111), dissociative 
adsorption of H, becomes endothermic. Mean- 
while, dissociative adsorption of Hz on FeO at 
RT is difficult, too (27, 22). This is desirable for 
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the preferential oxidation of CO in excess of Hz 
(PROX) (18, 23, 24). 

Guided by these insights, we prepared Pt-Fe 
[4 weight percent (wt %) Pt, 0.5 wt % Fe] nano- 
particles (NPs) and Pt (4 wt %) NPs supported on 
nanosized silica spheres. To realize the main 
structural features shown above, we developed a 
dedicated preparation process with proper reduc- 
tion at 473 K for 2 hours in Hz (/0). The treat- 
ment with H, reduces the as-prepared samples to 
metallic states. Transmission electron microsco- 
py (TEM) analysis found that the metal NPs in 
the Pt/SiO, (Fig. 3A) and Pt-Fe/SiO, (Fig. 3B) 
samples are anchored evenly over the silica hosts 
and have a narrow distribution in average size of 
2 to 3 nm and 2 to 4 nm, respectively. High- 
resolution TEM (HRTEM) images (Fig. 3, A and 
B, insets) show that NPs over both Pt/SiO2 and 
Pt-Fe/SiO, samples present the same face-centered 
cubic (FCC) Pt lattice with a Pt(111) interlayer 
spacing of 0.23 nm. This means that the cores of 
the Pt-Fe NPs are still dominated by Pt. This was 
further corroborated through x-ray diffraction 
(XRD) measurements. There is no shift of 20 
value for the Pt-Fe NPs compared to the Pt/SiOz 
sample observed (fig. S8), and the formation of 
PtFe bulk alloy in the Pt-Fe NPs is excluded. We 
performed an energy-dispersive x-ray spectro- 
scopic (EDX) mapping and point analysis over 
dozens of the Pt-Fe NPs, and found that Fe signal 
is accompanied exclusively with Pt signal (fig. 
S9). These show that Fe species are present mainly 
on the outer layers of the Pt-Fe NPs. However, Fe 
does not completely cover Pt-Fe NPs because 
there is a considerable amount of CO adsorbed on 
Pt-Fe/SiO, samples, as seen from temperature- 
programmed desorption (TPD) experiments (fig. 


. ae a 
oe 
gtr CO Conversion 
oo —a—CO Selectivity 


Selectivity (%) 


—e—O, Conversion 


250 300 350 400 450 


* 


Selectivity (%) 


—v—CO Conversion 
—A— CO Selectivity 


250 360 350 400 450 
Temperature (K) 


Fig. 3. TEM images of the (A) Pt/SiO2 and (B) Pt-Fe/SiO. catalysts pretreated with Hz at 473 K for 2 hours. 


Insets show HRTEM images. (C and D) PROX reaction of the (C) Pt/SiO, and (D) Pt-Fe/SiO, catalysts 
under the conditions 1% CO, 0.5% Oz, and 98.5% H>. Space velocity is 36000 ml g¢h’: pressure = 


0.1 MPa. 
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S10). Correspondingly, the structure of the pre- 
pared Pt-Fe NPs consists of the Pt NPs with Fe 
patches on the surfaces. 

CO PROX reactions under stoichiometric con- 
dition (1% CO and 0.5% Oz, 98.5% Ho, 0.1 M 
Pa, 36000 ml g | h ') are conducted on the Pt- 
Fe/SiO; and Pt/Si0; catalysts. The corresponding 
activity and selectivity were measured from the 
temperature-dependent reaction profiles (Fig. 3, C 
and D). For the Pt/SiO catalysts, CO conversion 
is negligible below RT, but increases slowly with 
temperature. At 473 K, only 70% CO was reacted 
off. In contrast, the Pt-Fe/SiO, catalysts show a 
high activity, with almost 100% CO conversion 
and 100% CO selectivity at RT. At 353 K, the 
catalysts have 95% CO conversion and 95% se- 
lectivity, which remain high. Even at 200 K, the 
Pt-Fe/SiO, catalysts maintain 20% CO conver- 
sion and 100% CO selectivity. We measured the 
oxidation state of the Fe species under reaction 
conditions using in situ x-ray adsorption spec- 
troscopy (XAFS) performed in the beamline of 
BL14W1 in the Shanghai Synchrotron Radiation 
Facility (SSRF) (fig. S11). Compared with the 
Fe K-edge XAFS spectra from the reduced and 
fully oxidized Pt-Fe catalysts, the pre-edge feature 
from the Pt-Fe NPs under the reaction conditions 
was located in the middle. This shows the pres- 
ence of ferrous species under the operating con- 
ditions. Thus, the highly active Pt-Fe NPs in the 
CO PROX reaction should comprise Pt-rich core 
and ferrous species on the surfaces, restoring the 
characteristics of the FeO,.,/Pt(111) model sys- 
tem described in the above model system. 

The Pt-Fe catalysts prepared are very stable, 
and no deterioration of their performance was 
found after 40 hours at RT (fig. S12). Under 
PEMFC working conditions operated typically at 
353 to 373 K, there are considerable amounts of 
water and CO, present. We tested the Pt-Fe 
catalysts under the realistic PEMFC conditions. 
As plotted in fig. S13, the catalysts were stable 
and showed good performances, with 92% CO 
selectivity/conversion at 353 K. By using slight 
excess of O5, CO can be removed to a level lower 
than | part per million (fig S14). We also assem- 
bled the Pt-Fe nanocatalysts into a 1-kW PEMFC 
working system. We found that the cell perform- 
ance stays quite stable after a 930-hour test but 
deactivates quickly after a 30-min test without 
using the Pt-Fe catalyst (fig. S15). Extraordinary 
activity and stability of the Pt-Fe catalysts under 
the operating conditions suggests that the Pt-Fe 
nanocatalysts prepared are eligible for industrial 
applications. 

We demonstrated a strategy of preparing 
coordinatively unsaturated metal sites with lower 
valent states on metal substrates by taking ad- 
vantage of the confinement effects at interfaces 
between nanostructured oxides and metal sub- 
strates. The confined CUF sites and neighboring 
metal atoms show a high activity and stability in 
CO oxidation under realistic conditions. The 
concept of interface confinement and fabrication 
of coordinately unsaturated low-valent cations 
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could be widely applied in various heterogeneous 
oxides-metals catalytic systems and illustrates a 
promising and efficient way to design active sites 
for nanocatalysts. 
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Self-Assembled M.,l4, Polyhedra and 
Their Sharp Structural Switch upon 
Subtle Ligand Variation 


Qing-Fu Sun,” Junji Iwasa,” Daichi Ogawa,’ Yoshitaka Ishido,? Sota Sato,* Tomoji Ozeki,” 
Yoshihisa Sei,? Kentaro Yamaguchi,? Makoto Fujita?* 


Self-assembly is a powerful technique for the bottom-up construction of discrete, well-defined nanoscale 
structures. Large multicomponent systems (with more than 50 components) offer mechanistic insights 
into biological assembly but present daunting synthetic challenges. Here we report the self-assembly 
of giant MzqL4g coordination spheres from 24 palladium ions (M) and 48 curved bridging ligands (L). 
The structure of this multicomponent system is highly sensitive to the geometry of the bent ligands. 
Even a slight change in the ligand bend angle critically switches the final structure observed across 

the entire ensemble of building blocks between MzgL4g and M,2L2, coordination spheres. The 
amplification of this small initial difference into an incommensurable difference in the resultant 


structures is a key mark of emergent behavior. 


hemists are often inspired by the sponta- 
( neous and precise assembly of multiple 

protein subunits into giant, well-defined, 
functional superstructures (/, 2). Spherical virus 
capsids, consisting of hundreds to thousands of 
identical protein subunits, are simple and acces- 
sible examples of biological self-assembly and 
have been extensively studied (3, 4) and mimicked 
on a much smaller scale. Most virus capsids are 
polyhedra assembled from 607 subunits, where 7 
is a mathematically defined triangulation number, 
and T = 1, 3, 4, 7, 13, and 16 are naturally 
occurring values (5, 6). As a result, the possible 
final capsid polyhedral structures are limited by 
simple geometrical constraints. 
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Similar geometrical constraints have often 
been used in artificial multicomponent self- 
assembly (7—26). The formation of roughly spheri- 
cal polyhedra with a general formula of M,,L>,, is 
predicted when metal ions with square planar 
coordination sphere (M) and rigid bent ligands (L) 
are mapped onto the vertices and edges, respec- 
tively, of the polyhedra. For entropically favored 
regular or semiregular polyhedra, n is limited by 
geometrical constraints to be 6, 12, 24, 30, or 60 
(Fig. 1A) (27), and spherical coordination assem- 
blies have been reported for n = 6 (25) and 12 
(10, 26) but not for larger n values. Here we 
report the self-assembly of the giant, 5-nm- 
diameter M>4L4g spherical framework 2 (where 
n = 24) from square planar Pd** ions and bent 
dipyridylthiophene ligand 1 (Fig. 1B). The for- 
mation of this 72-component system is highly 
sensitive to the ligand geometry. We previously 
reported that the smaller 36-component M2154 
coordination sphere 4 (1 = 12) forms when the 
analogous dipyridylfuran ligand 3 is used (Fig. 1C) 
(0). Systematically varying the mean ligand 
angle by mixing 1 and 3 in various ratios revealed 
that even a slight change in the mean ligand bend 
angle critically switches the final structure be- 


tween Mo4L4g and M214 coordination spheres. 
The amplification of a small initial difference into 
an incommensurable difference in the resultant 
structures is a key mark of emergent behavior. 
Emergent phenomena are attracting consider- 
able current interest (28-30) and usually refer 
to the emergence of macroscopic differences 
based on microscopic differences. We believe that 
our results are a good example of chemical emer- 
gence because an incommensurable difference is 
observed at a molecular level. By demonstrating, 
in an artificial system, emergent behavior on 
similar scale to that observed in the assembly of 
biological structures, we provide a synthetically 
simple system for the mechanistic scrutiny of 
massive multicomponent self-assembly. In addi- 
tion, we extend the scale and the practical feasibility 
of using self-assembly as a powerful bottom-up 
technology for the construction of discrete nano- 
scale systems. 

Ligands 1a to 1c were synthesized in a single 
step from 4-pyridyl pinacol boronate ester and 
the corresponding 2,5-dihalothiophenes in rea- 
sonable yields by using the Suzuki-Miyaura 
procedure (3/). When ligand 1a (10 umol) and 
Pd(NO3), (5.0 umol) were heated in dimethyl 
sulfoxide-dg (DMSO-dg) (0.7 ml) at 70°C for 17 
hours, two broad peaks were observed in the 'H 
nuclear magnetic resonance (NMR) spectrum 
(Fig. 2B). The peak at 9.2 parts per million (ppm) 
was assigned to PyH, (Py = pyridyl) and the peak 
at 8.0 ppm was assigned to the superimposed Py, 
and thiophene protons, where o, and f indicate 
the two positions on the pyridinyl group. The 
broad 'H and '°C signals are indicative of a very 
large complex, the tumbling motion of which is 
slow on the NMR time scale. Diffusion-ordered 
NMR spectroscopy (DOSY) evinced a single 
product with a single band at diffusion coefficient 
D=3.3 10 |! m’ss | (logD =-10.49) (Fig. 2C), 
which is indicative of a much larger structure than 
M214 coordination sphere 4, which has a logD 
value of —10.3. A quantitative yield was con- 
firmed by 'H (one-dimensional and DOSY) and 
BC NMR spectra and mass spectrometry (MS). 
The coordination of ligands 1b and le with 
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Pd(NO3) gave similar spectra, and the 'H NMR 
spectra of 2¢ resolved into two sets of signals, in a A 
1:1 ratio, consistent with two inequivalent ligands 

in the M54L4g rhombicuboctahedral structure of 

2c (Fig. 3 and figs. S10 to S16). 


The Mo4L4g composition of 2b was first 
established by ultrahigh-resolution cold-spray 
ionization time-of-flight mass spectrometry 
(CSI-TOF-MS) (32). The molecular weight of 
sphere 2b {[Pd24(C)4HoBrN>S)4g]"*"*48(BFy )} 
was calculated to be 21,946.73 daltons, con- 
firming the M>4L4g composition, from the series 
of prominent peaks for [2b — (BF ) |" (m = 28 ML M.,L M,,,L M.-L, 
to ~15) (Fig. 2D). The resolution of each peak was 
quite high [>45,000 based on full width at half 
maximum (33) (table S2)] and the isotope dis) B 
tribution closely matched the simulated spectrum R R' 
(error = <3.5 ppm) (Fig. 2E). Similar CSI-TOF- 
MS spectra were observed for M>4L4g structures / \ 24 Pd? = —< 
2a and 2c (31). 4g ii “ S ( a 

Structural confirmation of the Mj4L4g coor- No ZN 
dination geometry was provided by x-ray crys- I 
tallographic analysis. X-ray—quality single crystals 
were obtained by the slow diffusion of ethyl ace- on 
tate vapor into a DMSO:CH3CN (1:1) solution 
of 2c (PF. salt). The sheer number of disor- 1 2 
dered, amorphous solvent molecules and counter a: R=R'=H: b: R=H, RA =Bre: RR'= —OCH,CH,O-— 
ions that were expected for the expansive hollow 
framework of 2¢ required that synchrotron x-ray 


radiation was used to collect high-quality data Cc 

(34). i 12Pa"= x 
Mapping the 48 ligands to edges and 24 metal 94 ~C«*dzdS; S fe) \ rt oe 

ions to vertices, the framework M>4L4g 2¢ forms ae oN 


a rhombicuboctahedron, which is an Archime- | 
dean solid with eight triangular and 18 rectan- 


gular faces (26 in total), with one triangle and o™ 
three rectangles meeting at each vertex. The 3 4 


rhombicuboctahedral structure of 2¢ is highly ‘ ; ae 
Fig. 1. (A) The family of M,L;,, polyhedra where metals (M) and bridging ligands (L) are mapped onto the 


herical with the 5.0-nm-diameter ci ibed 
aaa Re eat cael, ae vertices and edges, respectively, of the polyhedra. (B) Self-assembly of Mzqlag spheres 2. (C) Self- 
. assembly of My2L24 sphere 4. 


the molecular shell. The distance between antip- 
odal palladium atoms is 4.0 nm, much longer than 
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that in the smaller M;5L54 sphere 4 (2.6 nm) (/0). A . 
The spherical M>4L4g framework demarcates a a b 
huge void space, and the framework occupies | 
less than 20% of the total cell volume; disordered 


solvent molecules and counter ions occupied the 
remaining 80%. Despite many trials for collect- 
ing better diffraction data, we were unable to 
refine the solvents within the sphere 2c because 
of their severe disorder. Given the giant, hollow 
structure of 2¢, the modest residual index based Cc 
on the observed structure factor Fo (R,) value -11.0 
(22%) is quite reasonable. 

Bipyridyl ligands 1 and 3 are isomorphic, | ~10.5 
differing by the substitution of a single sulfur 
atom for oxygen, and yet they combine with pal- ~10.0 
ladium ions to give coordination spheres of dif- 
ferent scale (5 nm versus 3.5 nm) and disparate ~9.5 a 
composition (Mz4L4g versus Mj5L54). The dif- 10 9 8 7 1202 1203 1204 1205 m2 
ference in the final polyhedral structure presum- Chemical shift (ppm) Isotope pattern 
ably arises from the slight difference in ligand Fig. 2. 7H NMR spectra (500 MHz, DMSO-d,, 300 K) of (A) ligand 1a and (B) sphere 2a (NO3~ salt). 
bend angle [149° in 1 and 127° in 3, based on a Signals a, b, and c in (A) denote PyH.,, PyH, and thiophene protons, respectively. (C) *H DOSY spectrum 
density functional theory (DFT) calculation at — of 2a (500 MHz, DMSO-dg, 300 K). (D) CSI-TOF mass spectrum recorded on maxis spectrometer of sphere 
B3LYP/631-G+ level] stemming from the longer 2b (BF, salt). (E) Expanded spectrum of the 17* peak in (D) and the simulated spectrum. 


700 900 1100 1300 m/z 


Simulation 


Observed 


D value (LogD) 


www.sciencemag.org SCIENCE VOL 328 28 MAY 2010 1145 


1146 


REPORTS 


Fig. 3. The crystal structure 
of 2c. Two counter ions (PF, ) 
that are present at the apical 
positions of each Pd2* center 
and the -OCH,CH20-— sub- 
stituent on each thiophene 
ring are omitted for clarity. 
Crystal data: Space group /4, 
a = b = 4752711) A, c = 
68.663(1) A, V = 155097(5) 
A?, Z=2, T= 293 K. Numbers 
in parentheses indicate the 
estimated standard deviations. 
Anisotropic least-squares re- 
finement for palladium and 
sulfur atoms and isotropic re- 
finement for the other atoms 
on 39,679 independent merged 
reflections (Rin; = 0. 0804) 
converged at the residual 
index based on Fe wR2 = 
0.5427 for all data; residual 
R, = 0.2222 for 16,668 ob- 
served data [/ > 2o0(/)], and 
goodness of fit = 1.701. 


not detected 


12° 
-10.5 "1 
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—— ee 
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Fig. 4. The DOSY NMR spectra (500 MHz, DMSO-d, 300 K) and CSI-TOF mass spectra (CH3CN:DMSO = 9:1, 
OTf™ salt) for (A) the 1:1 mixture of individually prepared 2c and 4, and for the reaction of (B) 1:1, (C) 3:7, and (D) 
2:8 mixtures of ligand ‘1c and ligand 3 with Pd2*. M,aL2q and MoaLag are indicated in blue and red, respectively, 
and the mass spectra excerpts show the ML, region on the left (mass/charge ratio m/z = 750 to 1000) and the 
My,Lag region on the right (nz = 1000 to 2000). An inset in (B) is a magnified view for the 14* region displaying 
a series of [Pd24(10)(3)as-m — (OTf )zal"**. The center peak marked with a blue line is assigned for m = 24. 


C-S bond (1.80 A) in thiophene compared with 
the C—O bond (1.39 A) in furan. In an ideal 
rhombicuboctahedron (M>4L4g) or cuboctahedron 
(Mj215,), the edges adopt angles of 135° or 120°, 
respectively, assuming perfectly square-planar 
vertices. In terms of enthalpy, ligand 1 should 
favor assembly into a less-distorted rhombicu- 
boctahedron, whereas ligand 3 should lie on the 
midline between angles favoring a cuboctahedron 
versus a rhombicuboctahedron. The selective 
formation of M;2L5, from ligand 3 is rationalized 
by reduced loss of entropy for Mj2L54 than for 
Mo4L 4g (which incorporates more components). If 
ligand 1 were to form a Mj7L54 cuboctahedron, 
substantial pinching and distortion would offset 
the entropic advantage; thus the enthalpically 
favored M>4L4g forms instead. 

The question then arises, which structure 
forms given a mixture of ligands 1 and 3? The 
ligands could exclusively self-organize into dis- 
tinct MyL54 and M>4L4g structures, or else as- 
semble into a statistical mixture, wherein a varied 
ligand ratio could offer systematic, continuous 
modulation of the ligand bend angle from 127° to 
149° (for example, the mean bend angle of a 1:1 
mixture of 1e and 3 is 138°). When Pd?" ions 
were added to a 1:1 mixture of 1¢:3 (M:L ratio = 
1:2), both DOSY and CSI-TOF-MS revealed the 
selective formation of a Mo4L4g structure. In the 
DOSY spectrum, all signals exhibit a single dif- 
fusion coefficient (logD = —10.45) that is char- 
acteristic of the Mz4L4g complex. Only Mo4L4g 
complexes were observed by CSI-TOF-MS; a 
series of prominent peaks corresponded to 
[Pdo4(1€)mn(3)as-m — (OTE ),]"" (with m values 
from 16 to 32 and n values from 11 to 19) and 
no peaks were detected in the M2154 regions 
(Fig. 4B). DOSY and TOF-MS analysis of a 1:1 
mixture of individually prepared spheres 2 and 
4 (Fig. 4A) confirmed that the spheres 2 and 4 are 
distinct and distinguishable and that these meth- 
ods are reliable for analyzing Mj2L24/Mo4L4g 
mixtures. 

The ratio of ligand 1c and 3 was then varied 
sequentially from 9:1 to 1:9, and, surprisingly, 
only pure Mj>1.54 or Mz4L4g was observed (Table 1). 
Starting from 100% of ligand 1, Mz4L4g assembled 
exclusively until the ratio of 1¢:3 was 2:8 (Fig. 4C), 


Table 1. Self-organization criticality of 1¢ and 
3 mixtures. 


1c:3 ratio (angle)* Product 


10:0 (149.3) MpqLag only 
9:1 (147.1) MzaLag only 
8:2 (144.8) MzaLag only 
7:3 (142.6) MzaLag only 
6:4 (140.3) MazagLag only 
5:5 (138.1) MazqLag only 
4:6 (135.9) MazaLag only 
3:7 (133.6) MazqLag only 
2:8 (131.4) MyzL2q only 
1:9 (129.1) M,2L24 only 
0:10 (126.9) MyaL2q only 


*Mean bent angle (°). 
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whereupon a threshold was passed and Mj154 
was exclusively observed (Fig. 4D). This self- 
organized criticality is reminiscent of emergent be- 
havior observed in complex systems and patterns 
arising from a multiplicity of simple interactions, 
such as the emergence of complex biological 
structures from simple polypeptides (30). 

With this example, artificial multicomponent 
self-assembly edges yet closer to the massive 
scale of biological self-assembly and provides a 
synthetically simple system for a deeper mecha- 
nistic understanding of emergent behavior. 
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Ventilation of the Deep Southern 
Ocean and Deglacial CO, Rise 


L. C. Skinner,?* S. Fallon,” C. Waelbroeck,? E. Michel,? S. Barker? 


Past glacial-interglacial increases in the concentration of atmospheric carbon dioxide (CO2) are thought 
to arise from the rapid release of CO2 sequestered in the deep sea, primarily via the Southern Ocean. 
Here, we present radiocarbon evidence from the Atlantic sector of the Southern Ocean that strongly 
supports this hypothesis. We show that during the last glacial period, deep water circulating around 
Antarctica was more than two times older than today relative to the atmosphere. During deglaciation, the 
dissipation of this old and presumably CO2-enriched deep water played an important role in the pulsed 
rise of atmospheric CO2 through its variable influence on the upwelling branch of the Antarctic 


overturning circulation. 


here is a broad consensus that glacial- 
interglacial atmospheric carbon dioxide 
(CO) change depends primarily on ma- 
rine processes operating in the Southern Ocean 
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(J-3). The special importance of this region is 
suggested by the observed link between atmo- 
spheric CO, and Antarctic temperature change 
on both orbital and millennial time scales (4, 5). 
However, the expectation of a Southern Ocean 
role in past CO, variability is also based on 
strong conceptual grounds because this is the 
region of the global ocean where most deep water 
makes its first contact with the sea surface (6), 
and consequently where CO, that has accumulated 
in the deep sea can be released to the atmosphere. 

One important clue regarding the ocean’s po- 
tential role in atmospheric CO, variability comes 
from the record of atmospheric radiocarbon activity 
(ACatm), Which reveals an apparent “excess” of 


atmospheric '4C during the last glacial period 
relative to the present and relative to concurrent 
a 6: production rates (7). This apparent AM Cat 
excess was eliminated across the last deglaciation 
in two steps (8, 9), each of which coincided with 
a sharp rise in atmospheric CO, (/0) (Fig. 1, 
vertical lines). The widely held expectation is 
therefore that lowered glacial CO, and the rapid 
deglacial CO, rise were made possible by the 
sequestration of an aged, carbon-rich deep-water 
mass that was mixed with the atmosphere in two 
pulses across the deglaciation. 

Although this expectation, referred to here as 
the “deep re-coupling hypothesis,” is compelling 
and circumstantially supported (2, //), it has yet 
to be confirmed directly through marine '4C ven- 
tilation reconstructions. For example, available 
'4C evidence from the deep Pacific appears to 
restrict the putative aged carbon reservoir to 
depths of >2.8 km in this basin (8, /2). Other 
marine '“C evidence from the North Pacific and 
North Atlantic suggests at the very least the 
existence of strong *C activity gradients within 
the glacial ocean (9, //, 13, 14). The oldest water 
body thus identified was more than 3000 years 
offset from the atmosphere (//), although its 
existence and extent during the glacial before ~18 
thousand years before the present (ky B.P.) 
remains unconfirmed. Indeed, none of the avail- 
able marine '4C reconstructions reveal the occur- 
rence of a relatively aged and widely exported 
deep-water mass before the initiation of the so- 
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called “mystery interval” [approximately equivalent 
to Heinrich Stadial 1 (HS1)] at ~17.9 ky B.P., when 
atmospheric CO began to rise and A“*Cayn began 
to drop sharply (8). Here, we bridge precisely this 
gap by demonstrating the existence during the last 
glaciation of a poorly ventilated carbon pool deep in 
the Atlantic sector of the Southern Ocean that 
dissipated in two pulses across the deglaciation. 

Radiocarbon analyses were performed on 
paired samples of (monospecific) planktonic 
and (mixed) benthic foraminifera from core MD07- 
3076 CQ (44° 4.46'S, 14°12.47'W, 3770 m). All '4C 
samples were subjected to a rigorous cleaning 
procedure so as to eliminate all adhering phases 
other than primary carbonate (/5). Auxiliary Mg/Ca 
analyses were performed on samples of the 
planktonic foraminifer species Globigerina bul- 
loides and Neogloboquadrina pachyderma (left 
coiling) from the same core (/5). 

The site of MD07-3076 (fig. S1) currently lies 
on the locus of water that is spread throughout the 
ocean via upper-ocean and abyssal circulation 
limbs (/5). It is expected that this site experienced 
less North Atlantic Deep Water (NADW) influ- 
ence during the last glaciation, such as in the deep 
Cape Basin (16), while nevertheless remaining on 
the deep-water “umbilicus” that links the Atlantic 
with the immense Indo-Pacific. 

The chronology for core MD07-3076 is based 
on 59 monospecific planktonic foraminifer ac- 
celerator mass spectrometry (AMS) 'C dates 
that have been corrected for variable reservoir 
age effects. We applied two independent methods 
to constrain local reservoir age variability. First, 
Antarctic ice-core ages obtained via correlation 
of Antarctic and local sea-surface temperature 
trends (fig. S3) were used to derive reservoir age 
ranges at stratigraphic tie-points (/5). These 
estimates were verified against surface reservoir 
ages that were inferred independently from the 
published chronology for core TNO57-21 (Cape 
Basin) (3). Both methods yield strikingly similar 
histories of reservoir age variability at the site of 
MD07-3076, with a large increase in surface 
reservoir ages occurring during HS1 in particular. 
Reservoir ages at the more southerly site of 
MD07-3076 exceed those in the Cape Basin by 
~2000 years, suggesting the northward migration 
of the sub-Antarctic Front (and divergence) to a 
position between the two cores. We derived age- 
depth models for multiple reservoir age scenarios 
using the Bayesian calibration and age-modeling 
program Bchron (17), providing a bounded “best 
estimate” reservoir age scenario and chronology 
that uses all available chronostratigraphic con- 
straints (ice core and marine). The resulting chro- 
nology possesses quantifiable uncertainties and is 
in good agreement with two independent age 
scales (fig. S8). 

The reconstructed deep-water ventilation/ 
reservoir age history from core MD07-3076 is 
illustrated in Fig. 2D [benthic-planktonic age 
offsets (B-P)] and Fig. 2E [benthic-atmospheric 
age offsets (B-Atm)]. As shown in Fig. 2, D and 
E, deep water in the Atlantic sector of the South- 


em Ocean was poorly ventilated during the last 
glacial period, before HS1, reaching on average 
~1630 years older than the local sea surface (B-P) 
and 2000 to 3750 years older than the atmo- 
sphere (B-Atm). This represents an increase of 
between 1.6 and 3 times relative to the modern 
ventilation ages (modern B-P is ~550 years, and 
modern B-Atm is ~1250 years) (Fig. 2, D and E). 
During the last glacial period, and at the Last 
Glacial Maximum (LGM) in particular, the time 
scale of carbon exchange between the atmo- 
sphere and the deep Southern Ocean therefore 
appears to have exceeded that of the most poorly 
ventilated regions of the modern deep North 
Pacific. All else being equal, this increase in the 
ventilation time scale of the deep sea would have 
enhanced the carbon sequestration capacity of the 
deep ocean during the last glacial period, thus 
helping to reduce atmospheric COp. 

Across the deglaciation, between the LGM 
and the end of the Pre-Boreal/Younger Dryas 
(PB-YD), the influence of exceptionally aged deep 


water gradually decreased at the location of MD07- 
3076 (Fig. 2E). This long-term trend toward better- 
ventilated deep water occurred in parallel with a 
general trend toward increased atmospheric CO, 
(Fig. 2A), a gradual reduction in Antarctic sea-ice 
production (Fig. 2B), and generally more negative 
but increasing atmospheric 6'3CO, (Fig. 2C) (/8). 
This time interval also coincides with a broad '°C 
“minimum” recorded by planktonic foraminifera in 
the Easter Equatorial Pacific (EEP), which has 
been interpreted to reflect a combination of in- 
creased upwelling at low latitudes and increased 
remineralized nutrient export from the Southern 
Ocean (/9, 20). All of these records are consistent, 
with a “mode shift” in the exchange of CO be- 
tween the ocean interior and the atmosphere across 
the last deglaciation, resulting in a tendency for 
greater exchange between the atmosphere and a 
marine carbon pool (/8) that was especially depleted 
in 6'°C (19, 27) and AC (Figs. 1A and 2D). 
However, closer inspection of Fig. 2 also 
reveals that the deglacial trends in CO, Antarctic 
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Fig. 1. Atmospheric CO. and radiocarbon activity (A7*C) changes across the last deglaciation. (A) 
Reconstructed atmospheric AC [blue diamonds indicate coral data (22), and the blue line is the 
INTCALO4 calibration curve (23)], compared with the expected atmospheric A™C record based only on 
™4C-production changes, derived using the BICYCLE model (24) with constant modern carbon cycling, and 
upper and lower *4C production limits from Greenland ice-core }°Be fluxes (shaded area) (25) and global 
paleomagnetic field intensity (hatched area) (26). (B) Atmospheric CO2 concentrations from the European 
Project for Ice Coring in Antarctica (EPICA) Dome C (EDC) ice core (red line) (10), including one CO, 
measurement at 24.4 ky B.P. from the Taylor Dome ice core (27). The CO2 data are shown here on EDML- 
GICCO5 equivalent ages (75). The gray and blue lines in (B) indicate the difference between the 
reconstructed A**C.tm record and the median simulated production histories from paleomagnetic 
intensity (dashed gray line) and *°Be fluxes (solid blue line). These lines indicate atmospheric A14C 
changes that may be attributed to carbon cycle changes (indicated with the inverted y axis). Vertical lines 
bound two rapid drops in atmospheric A“C, which do not coincide with similar changes in ““C-production 
but do coincide with rapid jumps in CO>. These intervals are roughly coincident with HS1 and the YD, as 
indicated by the chronostratigraphic labels at the top of the graph. BA, Belling-Allerad. 
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sea ice, atmospheric @'*CQ , and deep-water 
ventilation were not monotonic. During the Ant- 
arctic Cold Reversal (ACR)/Bolling-Allerod, 
CO, (Fig. 2A) and 6'°CO, (Fig. 2C) reversed 
their increasing trends, whereas AMGotn paused 
in its rapid decline (Fig. 1). In order to explain 
why these changes may have occurred, we iden- 


tify three sets of conditions: (i) LGM, maximally 
extended Antarctic sea ice in conjunction with ex- 
ceptionally aged circumpolar deep water (CDW) 
and stable but low CO ; (ii) HS1 and YD, reced- 
ing Antarctic sea ice in conjunction with relatively 
aged CDW and rising CO,; and (1) ACR/Belling- 
Allered, reduced but expanding Antarctic sea ice in 
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Fig. 2. Deep-water ventilation changes in the Atlantic sector of the Southern Ocean. (A) Atmospheric CO2 
from the EDC (10), Taylor Dome (28), and Byrd (5) ice cores, shown by solid dark gray, dashed, and light 
gray lines, respectively, and placed on the age scale of (28). (B) Sea salt—derived sodium fluxes from the 
EPICA Dronning Maud Land (EDML) ice core (29), as a regional sea-ice proxy, also on the NGRIP-GICCO5 
age scale. Although this is only an indirect sea ice proxy, it shows a deglacial pattern that is qualitatively 
similar to other marine proxy—based reconstructions. (C) 643CO, measurements from the Taylor Dome 
Antarctic ice core (18), placed on the NGRIP-GICCO5 age scale by alignment of CH, trends (25). Dotted 
lines indicate 2c uncertainty range. (D) Benthic-planktonic “C age offsets in core MDO7-3076 (error bars 
represent combined 16 error in ““C dates; shaded area indicates b-spline smoothed upper/lower limits of 
B-P defined by the 16 error bars). (E) Apparent deep-water ventilation in core MD07-3076 (B-Atm). Heavy 
gray line (b-spline smoothed) and stars indicate the best estimate ventilation history and associated 
chronology. Vertical error ranges show the magnitude of combined planktonic/benthic “C date 
uncertainties (16). The shaded area shows the range of ventilation histories (b-spline smoothed) that 
could be supported by alternative surface reservoir age scenarios. Labels at the base indicate approximate 
timing of North Atlantic event-stratigraphy chronozones. 
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conjunction with very young CDW and more 
elevated but approximately stable CO. 

The associations identified above are con- 
sistent with the idea that the retraction of Ant- 
arctic sea ice from its maximal LGM extent may 
have increased the latitude band over which 
westerly winds could “stir up” CDW along steep- 
ened isopycnals, which would now outcrop in- 
creasingly to the south. This process may have 
been exacerbated during North Atlantic stadials 
(HS1 and the YD) because of an increase in the 
southward heat transport of the South Atlantic 
gyre via the “bipolar seesaw” mechanism (2, 3). 
Although the CDW being brought to the surface 
in this way remained under the influence of an 
exceptionally aged and presumably high-potential 
partial pressure of CO, (Pco2) abyssal reservoir 
(water that would have high Pco when brought to 
the sea surface), the rate of CO, release from the 
Southern Ocean would have been enhanced (such 
as during HS1 and the YD) (Fig. 2, D and E). On 
the other hand, when the CDW that was being 
brought to the surface came under the influence of 
much better ventilated and presumably lower 
potential Pco2 deep water, as it did during the 
ACR/Bolling-Allerad (Fig. 2, D and E), the 
release of CO, from the Southern Ocean would 
have been much reduced. 

The drop in ventilation ages observed in 
MD07-3076 approximately in time with the 
ACR/Bolling-Allered (Fig. 2E) is coherent with 
similar features observed in the Pacific (//, 14) 
and North Atlantic (9, 13). This is shown in Fig. 
3, which compares the evolution of atmospheric 
AMCatm With ventilation changes reconstructed 
for the deep Southern Ocean [MD07-3076 (this 
study)], the shallow east Pacific ,[GCMV99- 
GC31/PC08 (//)], and the deep Northeast At- 
lantic [MD99-2334K (/3), supplemented here 
with three additional benthic '“C dates (1 5)]. This 
comparison suggests that the exceptionally aged 
deep water that is thought to have escaped into 
the shallow Pacific via Antarctic Intermediate 
Water (AAIW) during HS1 and the YD (//), and 
that is also inferred to have been mixed into the 
North Atlantic at these times (9, /3), was previ- 
ously restricted to the deep Southern Ocean where 
it increasingly influenced the site of MD07-3076 
as the LGM approached. It would also appear that 
despite its proximity to this exceptionally aged 
water mass, the site of MD07-3076 apparently 
was not (or did not remain) at its core. This is im- 
plied by the increase in ventilation ages in MD07- 
3076 toward the LGM and by the much higher 
ventilation ages observed at the shallow Pacific 
site between the middle of HS1 and the end of the 
YD (~16 to 10 ky B.P., Fig. 3B). Assuming that 
the shallow Pacific site is indeed representative of 
southern sourced water, the reversal in ventilation 
gradient between the two marine sites could sug- 
gest that the aged abyssal reservoir remained par- 
tially intact somewhere in the abyss until the end of 
the YD, despite having substantially withdrawn 
from the Atlantic sector of the deep Southern 
Ocean by this time (Fig. 2E). 
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Fig. 3. Atmospheric A’“C change and deep-water reservoir age variability in the shallow Pacific, deep North 
Atlantic (13, 15), and the deep Southern Ocean (this study). (A) Atmospheric A™C [black diamonds, coral data 
(22); black line, INTCAL04 calibration curve (23) spliced with the Cariaco data set from 26 ky B.P. (7)]. (B) Deep 
water reservoir ages, derived from the offset between benthic- and atmospheric-““C ages (reversed y axis). Solid 
red stars indicate MD99-2334K from the deep Northeast Atlantic (23), purple crossed diamonds and b-spline 
smoothed line indicate GCMV99-GC3/PC08 from the shallow Pacific (12), and gray diamonds and b-spline 
smoothed indicate MD07-3076 from the Southern Ocean (this study). Error ranges for MD99-2334K and MDO7- 
3076 indicate combined planktic and benthic “4 age uncertainties (10), whereas those for GCMV99-GC31/ 
PCO8 are 2c uncertainties in benthic *“C ages alone (Fig. 2E). Shaded vertical bars highlight the coincidence of 
rapid changes in deep water ventilation with marked changes in A’“Can and major North Atlantic chronozones. 


Fig. 4. Schematic illustration of hypothesized changes in Southern Ocean over- 
turning across the last deglaciation (with south at left). (A) The modern overturn- 
ing. Red arrows indicate the “upper overturning limb,” which here includes CDW 
upwelling in the Southern Ocean at the ACC divergence and AAIW flowing north- 
wards at shallow depths. Upper and lower CDW, which may include North 
Atlantic and Antarctic-sourced water in variable proportions, have been com- 
bined for simplicity. Blue arrows indicate the “lower overturning limb,” which 
consists of Antarctic Bottom Water (AABW) and its derivatives. Gray dashed lines 
indicate hypothetical isopycnals. Dark blue circular arrows indicate intense dia- 
pycnal mixing around topography in the Southern Ocean, which permits effective 
lower-limb overturning and the incorporation of AABW into CDW (75). Sea ice is 
represented by the gray boxes (top left), and the westerly wind position is indi- 
cated by the dotted circle (top). The solid circle marks the approximate position 
of core MD07-3076. (B) LGM overturning. The North Atlantic (salt) contribution 
to the upper-limb circulation is subdued relative to the present; Antarctic sea ice 
and the effective westerly wind stress in the Southern Ocean (driving isopycnal 
outcropping) are pushed far northward (black arrow). Flattened and widely 
spaced isopycnals south of the main outcropping area cause the ““C-depleted 
lower overturning limb to expand without substantial diapcynal mixing into 
CDW. The shaded area indicates a **C-depleted, high potential Pco, deep-water 
mass. (C) HS1/YD overturning. The supply of North Atlantic deep water to CDW 
is severely reduced, the Southern Ocean warms in part because of the bipolar 
seesaw, Antarctic sea ice retracts substantially from its maximum glacial extent, 
and the main isopycnal outcrop area shifts southward. Poorly ventilated (high 
potential Pcoz) AABW is drawn upward along steepened isopycnals and mixed to 
a greater extent into CDW, which releases “*C-depleted CO. to the atmosphere 


One important question that arises concerns 
the extent to which the changes in deep-water 
ventilation recorded in MD07-3076 help to ex- 
plain the apparent glacial A'4C,,,, excess and the 
rapid 190 per mil (%o) drop in A'Catm during 
HS1 (8) (Fig. 1). Answering this question ac- 
curately would require knowledge of the exact 
volume of deep water that was affected by the 
ventilation changes recorded at the site of MD07- 
3076. Without this knowledge, we can only say 
that if the ~2000-year reduction in B-Atm rec- 
orded across HS1 in MDO07-3076 (Fig. 2E) was 
experienced by ~30% of the ocean [all water 
deeper than the next deepest '4C constraint from 
the glacial Pacific (/2)], this could explain just 
over half of the 190%o drop in atmospheric A'*C 
across the mystery interval (/5). At the very least, 
this provides cause for optimism regarding the 
eventual reconciliation of the deglacial “radio- 
carbon mystery” (8), though it also underlines the 
need for a wider array of deep-ocean '4C data 
with precise calendar chronologies. 

The cause of the transient increase in ven- 
tilation recorded during the ACR/Bolling-Allered 
in MD07-3076 [and in other records from the 
Atlantic and Pacific (Fig. 3B)] is also difficult to 
assess accurately without knowledge of the chang- 
ing “end-member” composition and mixing ratio 
of local deep water. Neodymium isotope data 
from core RC11-83 in the deep Cape Basin (/6) 
suggests a variable but generally increased influ- 
ence of northern-sourced deep water during the 
ACR/Belling-Allered relative to the LGM, but 
crucially not relative to the late Holocene. If this 
record is taken as representative of end-member 
mixing ratio changes at our more open Atlantic site, 
it follows that mixing ratio changes alone might 


when brought to the surface. (D) Bglling-Allerad overturning. The Southern Ocean cools because of the bipolar seesaw, and sea ice reverses its retreat. Mixing of 
AABW into upward-flowing CDW is impeded once again, and the release of “*C-depleted CO2 pauses as a result. 
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not account for near modern deep-water ventilation 
ages observed during the ACR/Bolling-Allerad 
(Fig. 2E). This would suggest that either the export 
rate or ocean-atmosphere equilibration of one or 
both of the main Atlantic deep-water end-members 
(North Atlantic and/or Antarctic) increased during 
the ACR/Bolling-Allerad. 

Our results demonstrate the existence before 
HS1 of an exceptionally aged abyssal carbon 
reservoir that could have substantially con- 
tributed to the sequestration of CO in the deep 
sea during the last glacial period. These results 
also underline the potential importance of the 
combined effects of changing Antarctic sea ice, 
wind forcing, and abyssal stratification on the 
deglacial rise of CO3. As illustrated schematical- 
ly in Fig. 4, we envisage that although the me- 
ridional extent of Antarctic sea ice should 
influence the efficacy of the westerly wind stress 
that can effectively be applied to the Antarctic 
Circumpolar Current (ACC) to drive the upwell- 
ing of the densest classes of CDW in the 
Southern Ocean, the impact of upwelling on at- 
mospheric CO, (AMCanm and 6!3CO>) might 
ultimately be determined by changes in the po- 
tential Pco, and sequestration age of the CDW 
that is brought to the surface. Thus, the deglacial 
trends in atmospheric CO>, 6'3COs, and AMCoum 
may have been interrupted during the ACR/ 
Bolling-Allerad at least partly as a result of a 
pronounced increase in the ventilation of CDW 
brought to the surface Southern Ocean at this 
time (Figs. 2D and 4D). In contrast, with the 
preponderance of exceptionally aged CDW 
during HS1 and the YD [and with Antarctic sea 
ice already pulled back from its maximal 


meridional extent (Fig. 4C)], high potential 
Pco, water would be brought to the surface 
Southern Ocean instead. The result would have 
been to greatly enhance the release of '4C- 
depleted CO, to the atmosphere, as well as the 
export of '*C-depleted water from the ACC to 
the Atlantic and Pacific at these times. 
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Mirid Bug Outbreaks in Multiple Crops 
Correlated with Wide-Scale Adoption 
of Bt Cotton in China 


Yanhui Lu,” Kongming Wu,2* Yuying Jiang,” Bing Xia,” Ping Li,2 Hongqiang Feng,* 


Kris A. G. Wyckhuys,*¢ Yuyuan Guo* 


Long-term ecological effects of transgenic Bacillus thuringiensis (Bt) crops on nontarget pests have 
received limited attention, more so in diverse small holder—based cropping systems of the 
developing world. Field trials conducted over 10 years in northern China show that mirid bugs 
(Heteroptera: Miridae) have progressively increased population sizes and acquired pest status in 
cotton and multiple other crops, in association with a regional increase in Bt cotton adoption. 
More specifically, our analyses show that Bt cotton has become a source of mirid bugs and that 
their population increases are related to drops in insecticide use in this crop. Hence, alterations of 
pest management regimes in Bt cotton could be responsible for the appearance and subsequent 
spread of nontarget pests at an agro-landscape level. 


enetically engineered crops that express 
5-endotoxins (Cry proteins) from Bacillus 
thuringiensis (Bt) can successfully control 
several insect pests. The adoption of Bt crops in- 
creases yield and causes vast reductions in in- 
secticide use (/—5). With Bt crops presently adopted 


in over 20 countries (6), the ecological risks of their 
commercial cultivation have received considerable 
scientific scrutiny (7—//). In China, Bt cotton was 
approved in 1997 for commercial use to control 
cotton bollworm, Helicoverpa armigera, and has 
steadily been adopted by the bulk of Chinese 


cotton growers (ie., presently 95% adoption in 
northern China). Bt cotton controls H. armigera 
larvae very effectively and acts as a dead-end trap 
crop for regional populations of this pest in local 
agricultural landscapes (/2); that is, a large per- 
centage of the pest moths lay their eggs in cotton, 
where the hatching larvae are killed and do not 
subsequently infest other crops as adults. Hence, 
Bt cotton controls a key target pest not only within 
cotton fields but also on multiple other non-Bt host 
crops (i.e., com, peanuts, soybeans, and vegeta- 
bles), reducing the overall need for insecticide 
sprays (3, /2). Nevertheless, long-term impacts of 
Bt cotton on nontarget arthropods, such as 
polyphagous insect pests, in local agro-ecosystems 
remain to be quantified (/3—/5). 

Mirid bugs (Heteroptera: Miridae) are herbi- 
vores in a broad range of cultivated plants, including 
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cotton, cereals, vegetables, and fruit crops. In China, 
mirid bugs have historically been considered oc- 
casional or minor pests in most crops, occurring 
at relatively low population densities and only 
sporadically requiring pest management inter- 
vention (/6). Nevertheless, mirid bugs can easily 
attain outbreak densities, switch host crops, or 
experience geographic spread because of their 
environmental adaptability (/6—/8), high popu- 
lation growth rate (/6, 17), and strong dispersal 
capacity (19, 20). In this study, we determined 
whether mirid bug outbreaks are more likely to 
occur in Bt cotton than in conventional cotton and 
to what extent these insects could cause unintended 
ecological impacts in the broader agro-ecosystem 
(21). Research was conducted in six major cotton- 
growing provinces (i.e., Henan, Hebei, Jiangsu, 
Anhui, Shandong, and Shanxi) of northern China 
(Fig. 1), where 3 million ha of cotton and 26 mil- 
lion ha of alternative crops, potentially suscepti- 
ble to mirid bug attack, are cultivated annually by 
>10 million small-scale farmers. 

Mirid bugs were sampled from 1998-2009 5 
in Bt and non-Bt cotton plots at the Langfang 
Experiment Station in Heibei province (2/). 

Mirid bug abundance did not differ between 

cotton varieties with similar management re- 39° N 
gimes (P > 0.05), and calendar-based insecti- 
cide sprays for H. armigera control in non-Bt 
cotton significantly lowered mirid bug infes- 
tation densities (P < 0.05) (Fig. 2 and table S3). 
Hence, Bt cotton per se does not affect mirid 
bug infestation densities, and mirid bug pop- 
ulations prove susceptible to broad-spectrum 
insecticides for H. armigera. 

We simultaneously monitored mirid bug abun- 
dance and insecticide use in cotton at 38 locations 
throughout the study region during 1997-2008 
and 1992-2008, respectively (2/). Mirid bug 
population levels gradually increased over time 30° N 
and were significantly related to Bt cotton planting 
proportion (P < 0.05) (Fig. 3). Insecticide use 
patterns also changed with Bt cotton adoption M4°E 14° E 417° E 420° E 423° E 
(fig. S1). After introduction of Bt cotton, the num- 
ber of insecticide sprays against H. armigera and 
all insect pests was evidently lower than during 
1992-1996. On the other hand, the number of 
sprays against mirid bugs increased over time, in 
line with Bt cotton planting proportion (fig. S1). 
Meanwhile, H. armigera insecticide use was a 
highly explanatory variable for annual mirid bug 
population levels and insecticide use for mirid bug 


111° E 14° E M7°E 120° E 


36° N 


33° N 


Fig. 1. Survey locations in northern China. Mirid bug population dynamics on Bt and non-Bt cotton 
were monitored at Langfang site (star). Population densities were surveyed on cotton at 38 sites (red), 
and infestation densities were determined on other host crops at 77 sites (red and blue). 


Fig. 2. Mirid bug popula- 100 
tion dynamics in Bt and — Bt ——Non-Bt ——Non-Bt-cc 


non-Bt cotton with different £2 

cone a) able management regimes from & 

Additionally, mirid bug infestations were rec- 2002-2009. Bt and Non- i 
orded in alternative host crops: Chinese date, p+ indicate Bt cotton and = 
grapes, apple, peach, and pear (2/). Mirid bug pon -pt cotton, respectively, S 
infestation severity increased in alternative host without insecticide sprays S 
crops, and respective infestation severities were — whereas Non-Bt-CC repre- 2 
significantly correlated with regional proportion sents non-Bt cotton with H. = 
of Bt cotton planted (P < 0.05) (Fig. 4). armigera insecticide sprays. = 

Over the study period, mirid bugs gradually 2 
increased population densities and damage in cot- 
ton and multiple other crops. Mirid bug attraction 
to flowering plants and associated seasonal host 2002 2003 2004 2005 2006 )= 2007 = 2008 »=— 2009 
alternation partially explains the observed pattern Year 
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(/6, 22). In mid- to late June, mirid bugs largely 
move from early-season host plants to crop fields, 
where they build up their initial populations. 
Results of 2006-2009 field-plot trials indicate that 
mirid bugs greatly prefer cotton over other major 
Fig. 3. Association be- 12 
tween mirid bug popu- 
lation density (top) or 
number of mirid bug in- 
secticide sprays (bottom) 
and Bt cotton planting 
proportion in northern 
China during 1997-2008. 
Linear model for popula- 
tion density: y = 6.81x + 
0.54, Frio = 88.65, P< 
0.0001, coefficient of de- 
termination (R*) = 0.90. 
Nonlinear model for num- 
ber of mirid bug insec- 
ticide sprays: y = 0.89 + 
0.08*exp(4.21x), Fo9 = 
126.46, P < 0.0001, R* = 
0.97. 


No. per 100 plants 


No. per season 


o 


Table 1. Multivariate assessment of determinants of mirid bug population 
density and insecticide spray frequency in northern China during 1997-2008. 
For stepwise regression, only variables with significance P < 0.05 were 


host crops in mid- to late June (fig. S2), because 
cotton is locally one of few flowering host crops 
during this time period. Before Bt cotton adop- 
tion, broad-spectrum H. armigera insecticide use 
reduced early mirid bug populations, with cotton 


0.4 0.6 
Bt cotton planting proportion 


0.8 1 


Mirid bug population density 


entered into the analysis. 
ferent from H. armigera or mirid bugs. r, regression coefficient. R?, coefficient 
of determination. A slash indicates no analysis. 
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acting as a dead-end trap crop. Current absence of 
insecticide sprays in Bt cotton permits unre- 
strained mirid bug population buildup and sub- 
sequent (active) spread or (passive) spillover to a 
multitude of other (flowering) crops. Hence, a 
reduction in insecticide use for H. armigera con- 
trol in Bt cotton correlates with mirid bug outbreaks 
in cotton and various fruit crops in the broader 
agro-landscape. 

Most polyphagous insects exhibit clear pref- 
erences for one or few host plants and may sea- 
sonally concentrate in patches of these plants. 
Consequently, management actions in these patches 
can greatly determine population dynamics of 
such insects at the landscape level (23). Our 
work shows that a drop in insecticide use in Bt 
cotton fields leads to a reversal of the ecological 
role of cotton: from being a sink for mirid bugs 
in conventional systems to being an actual source 
for these pests in Bt cotton—growing systems. 
This perspective should be instrumental in de- 
veloping regionwide management strategies for 
these polyphagous pests in northern China and 
elsewhere in the world. 

Pest resurgence and replacement are usually 
ascribed to alterations in pest management re- 


“Other insecticide sprays” target insect pests dif- 


Number of mirid bug insecticide sprays 


Parameters Single regression Stepwise regression Single regression Stepwise regression 
r R? P r R? P r R? P r R? P 
Total number of 
insecticide —0.2093 0.51 0.0095 / / / / 
sprays 
Number of 
. 7 0.1079 0.87 <0.0001 0.1079 0.87 <0.0001 -0.7214 0.84 <0.0001 -0.7214 0.84  <0.0001 
sprays 
Number of other 
insecticide +0.1361 0.01 0.7131 —1.8505 0.06 0.4570 
sprays 
Temperature —0.0921 0.04 0.5242 —0.4116 0.02 0.6773 
Rainfall —0.0001 <0.01 0.8956 —0.0005 <0.01 0.9487 
Fig. 4. Association between mirid bug infestation 4 
severity in either cotton or key fruit crops and Bt Cotton Apple Grape Peach Chinese Pear 
cotton planting proportion. The measure of mirid ame 
bug infestation was assigned a score ranging from 
1 (no infestation) to 5 (extreme infestation). Nonlinear & 3 
model for cotton, y = 1.23 + 0.04*exp(4.24x) (Fong = 2 
346.40, R* = 0.99, P< 0.0001); apple, y=0.64+ §& 
0.40*exp(1.76x) (Fog = 107.77, R° = 0.96,P< § 
0.0001); grape, y = 1.12 + 0.02*exp(4.15x) (F295 = 2 
118.05, R* = 0.96, P< 0.0001); peach, y=0.97+ = 2 
0.04*exp(3.61x) (Fz. = 46.07, R* = 0.91, P< 0.0001); 
Chinese date, y = 1.06 + 0.20*exp(2.74x) (Fag = 
166.88, R* = 0.97, P< 0.0001); and pear, y=1.39+ 
0.11*exp(2.88x) (F>,9 = 153.39, R* = 0.97, P< 0.0001). 1 
0 0.5 10 0.5 10 0.5 10 0.5 10 0.5 10 0.5 «| 


Bt cotton planting proportion 
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gimes (24). For example, cotton aphid, Aphis 
gossypii, evolved as a primary pest of cotton in 
the mid-1970s because of intensive insecticide 
use for H. armigera control (25, 26) but currently 
occurs at low population densities in Bt cotton 
(27). In a similar fashion, mirid bugs were pre- 
viously suppressed by H. armigera insecticide 
use and only acquired pest status in cotton and 
other crops after Bt cotton adoption. Hence, 
areawide cultivation of transgenic crops may 
bring various (direct and indirect) effects on 
ecological status of different organisms, which 
should be assessed or anticipated in a compre- 
hensive fashion. 

In many parts of the world, transgenic crops 
such as Bt crops have come to dominate agricul- 
tural landscapes, and their landscape-level im- 
pact has been quantified on target pests (/2, 28), 
nontarget organisms such as natural enemies 
(7, 29, 30), or charismatic species such as the 
monarch butterfly Danaus plexippus (31). How- 
ever, few studies have described the impact of 
transgenic crops on nontarget insect pests (2, /3) 
or, more specifically, assessed their landscape- 
level effects (15, 32, 33). This study confirms 
reports of a landscape-level emergence of non- 
target pests with the adoption of Bt crops result- 
ing from reductions in insecticide applications. 
Our work highlights a critical need to predict 
landscape-level impacts of transgenic crops on 
(potentially) pestiferous organisms in future ec- 
ological agricultural risk assessment. Such 
more-comprehensive risk management may 
be crucial to help advance integrated pest man- 
agement and ensure sustainability of transgenic 
technologies. 
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Prion Strain Mutation Determined by 
Prion Protein Conformational 
Compatibility and Primary Structure 
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Prions are infectious proteins composed of the abnormal disease-causing isoform PrP*‘, which induces 
conformational conversion of the host-encoded normal cellular prion protein PrP° to additional 
PrP®. The mechanism underlying prion strain mutation in the absence of nucleic acids remains 
unresolved. Additionally, the frequency of strains causing chronic wasting disease (CWD), a burgeoning 
prion epidemic of cervids, is unknown. Using susceptible transgenic mice, we identified two prevalent 
CWD strains with divergent biological properties but composed of PrP*< with indistinguishable 
biochemical characteristics. Although CWD transmissions indicated stable, independent strain 
propagation by elk PrP‘, strain coexistence in the brains of deer and transgenic mice demonstrated 
unstable strain propagation by deer PrP‘. The primary structures of deer and elk prion proteins differ at 
residue 226, which, in concert with PrP** conformational compatibility, determines prion strain 


mutation in these cervids. 


rions are protein-based transmissible agents 
causing lethal, incurable neurodegenerative 
diseases of mammals, including sheep scrap- 


ie, bovine spongiform encephalopathy, human 
Creutzfeldt-Jakob disease, and chronic wasting 
disease (CWD), a contagious prion disorder of 


cervids (a family of hoofed mammals, including 
deer and elk). During propagation, PrP*°, the 
B-sheet-rich disease-associated conformer of the 
prion protein (PrP), coerces the physiological form, 
PrP©, to adopt the PrP®° conformation. Prions 
share with nucleic acid-based pathogens the 
ability to propagate strain information. Although 
distinct conformers of PrP*° appear to encipher 
the characteristics of certain strains (J—5), it is 
unclear how prions mutate and adapt in the ab- 
sence of nucleic acids. Strain mutation has been 
reported after interspecies prion transmission— 
for example, scrapie transmission to rodents (6). 
Prion mutation may result in increased host range 
(7), a factor that complicates risk assessments for 
new hosts. 

Although strain diversity has been recorded 
for sheep, human, and bovine prions, the ex- 
istence of strains in CWD is unclear (S—0). 
Polymorphic residue 129 of human PrP and the 
corresponding elk PrP residue influence prion 
susceptibility at the level of strain selection (//, /2). 
PrP primary structures of CWD-susceptible spe- 
cies differ at residue 226, which is glutamic acid 
(E) in Rocky Mountain elk and glutamine (Q) in 
other susceptible cervids. To determine CWD 
strain prevalence and to assess the influence of 
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Cyclooxygenase-2 Controls Energy 
Homeostasis in Mice by de Novo 
Recruitment of Brown Adipocytes 
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Obesity results from chronic energy surplus and excess lipid storage in white adipose tissue 
(WAT). In contrast, brown adipose tissue (BAT) efficiently burns lipids through adaptive 
thermogenesis. Studying mouse models, we show that cyclooxygenase (COX)—2, a rate-limiting 
enzyme in prostaglandin (PG) synthesis, is a downstream effector of B-adrenergic signaling in 
WAT and is required for the induction of BAT in WAT depots. PG shifted the differentiation of 
defined mesenchymal progenitors toward a brown adipocyte phenotype. Overexpression of COX-2 
in WAT induced de novo BAT recruitment in WAT, increased systemic energy expenditure, and 
protected mice against high-fat diet—induced obesity. Thus, COX-2 appears integral to de novo 
BAT recruitment, which suggests that the PG pathway regulates systemic energy homeostasis. 


besity arises from chronic energy surplus 
and excess lipid storage in white adipose 
tissue (WAT). In contrast to WAT, brown 
adipose tissue (BAT) burns lipid to generate heat. 
Until recently, BAT was thought to function pri- 
marily in rodents and in newborn babies as a 
mechanism that facilitates adaptation to cold. 
However, recent studies have revealed that adult 
humans also have functional BAT (/—4), a find- 
ing that has fueled speculation that pharmacologic 
enhancement of BAT development and activity 
might be a useful strategy to counteract obesity. 
In this study, we have explored whether 
cyclooxygenase-2 (COX-2), a rate-limiting en- 
zyme in prostaglandin (PG) synthesis, contributes 
to BAT development in mice. Previous work by 
others had implicated COX-2 in the control of 
whole-body energy homeostasis and adipose tis- 
sue metabolism; for example, selective inhibition 


of COX-2 was shown to attenuate weight loss and 
energy expenditure in cancer patients and tumor- 
bearing mice (5, 6), and genetically manipulated 
mice that express only one wild-type allele of 
COX-2 were shown to exhibit fat accumulation (7). 

These findings prompted us to screen for 
differential COX-2 expression in WAT obtained 
from various mouse models of altered energy ho- 
meostasis (8). No clear differences in COX-2 
mRNA expression were detected in mice with 
genetic or diet-induced obesity or in cachectic 
mice. However, an increase by a factor of two in 
COX-2 mRNA was observed in intra-abdominal 
WAT after 4 weeks of cold exposure (Fig. 1A). 
This was accompanied by up-regulation of un- 
coupling protein 1 (UCP1), the major determinant 
of mitochondrial thermogenesis (Fig. 1B). In the 
cold, thermogenic inducible BAT (indBAT) is 
readily engaged in WAT depots upon sympathetic 


activation of B-adrenergic receptor signaling by nor- 
epinephrine (NE) (9, 70). To recapitulate cold ex- 
posure, we treated mice with the B3-adrenoreceptor 
agonist CL316243 (CL) (/0). Acute stimulation 
with CL resulted in a marked induction of COX-2 
but not COX-1 mRNA in intra-abdominal WAT 
(Fig. 1C) and enhanced the release of the major 
WAT-derived PG (//), PGE, and PGl, from 
WAT explants (fig. S2). Notably, COX-2 mRNA 
levels were also induced upon ex vivo stimulation 
of mature adipocytes with NE, but only mar- 
ginally in the stromal-vascular cell fraction (SVF) 
(fig. S3). 

We next investigated the effect of prolonged 
B3-adrenergic stimulation in wild-type and COX- 
2-deficient mice (/2) and in wild-type mice fed a 
control diet or a diet containing celecoxib (cx), a 
selective COX-2 inhibitor (73). CL treatment re- 
sulted in induction of COX-2 protein expression 
along with a pronounced BAT-like phenotype in 
WAT of wild-type mice fed control diet, as judged 
by the predominance of smaller cells with rich 
cytoplasmic staining, multilocular lipid droplets, 
and UCP! expression (Fig. 1, D to F, and fig. S4). 
BAT characteristics were substantially diminished 
in WAT of CL-treated animals on a celecoxib diet 
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as well as in COX-2 mice (Fig. 1, E and F, and 
fig. S5). Also, in comparison with vehicle control, 
CL caused a strong reduction of fat accumulation 
under control diet, whereas the effect of CL under 
celecoxib diet and COX-2 deficiency was atten- 
uated (fig. S6). These results suggested that de 
novo indBAT recruitment and the systemic ther- 
mogenic response to B-adrenergic stimulation de- 
pend on COX-2 activity. Consistent with this 
interpretation, CL-mediated induction of genes 


that are critical for cellular thermogenesis (UCP1, 
CIDEA, CPT1B, and DIO2) (9), for brown adi- 
pocyte differentiation (CEBPB), or for the genetic 
activation of thermogenesis (PGC1A and PPARA) 
(9, 14) was markedly blunted upon pharmacologic 
or genetic COX-2 inhibition (Fig. 1G and figs. S7 
and S8). In contrast, CL-stimulated thermogenic 
mRNA expression in interscapular BAT, a consti- 
tutive BAT (conBAT) depot in mice (9), was not 
influenced by celecoxib (fig. S9). 


To explore whether increased COX-2 activity 
is also sufficient for indBAT recruitment under 
conditions of steady-state B-adrenergic stimula- 
tion, we studied transgenic mice overexpressing 
the COX-2 gene under the control of the promoter 
for the keratin 5 gene (K5COX2) (/5). In the ab- 
sence of systemic inflammation (fig. S10), the 
K5COX2 model mimicked the CL-induced ele- 
vation of WAT PG levels (fig. S11) and of COX-2 
expression in multilocular adipocytes within intra- 
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Fig. 1. COX-2 is required for recruitment of BAT in WAT depots downstream 
of B-adrenergic signaling. (A and B) COX-2 (A) and UCP1 (B) mRNA levels in 


intra-abdominal WAT of obese ob/ob and wild-type (wt) mice (n > 8), mice SN VG 07 om saline 
after 25 weeks of high-fat diet (HFD) or control diet (LFD) (n > 7), cachectic ee 1 5) * ECL 
tumor-bearing mice or controls (n > 5), or mice after 4 weeks of accli- ) EP ; — saline +cx 
matization to 5°C or 23°C (RT) (n > 3; COX-2 P = 0.03, UCP1 P = 0.08). (C) ‘ B a ea $ 40 4 BCL 4cx 
COX mRNA levels in intra-abdominal WAT of mice after a single : ——_—_—_—_, € 30 4 4 

intraperitoneal injection of CL316243 (CL, 1 mg per kg of body weight) Chtck AA - 

or saline (n = 5) 3 hours after injection. (D to F) Representative pictures of eae eae a _ c= 3 r I ra 
COX-2 immunohistochemical (D), hematoxylin/eosin (E), and UCP1 y “a, B10) il La 
immunohistochemical (F) staining of sections of paraffin-embedded intra- rt : } i 
abdominal WAT from mice on control or celecoxib (1500 parts per million)— ) Obs UCP1 CIDEA CPTiB  DI02 


containing diet (cx) injected daily with CL or saline for 10 days (n = 5). (G) ae a a 
Quantitative reverse transcription polymerase chain reaction (RT-PCR) 
mRNA analysis of intra-abdominal WAT from same mice as in (D) to (F) [n > 4; analysis of variance (ANOVA) post tests, *P < 0.05]. Means + SEM. 
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abdominal WAT (fig. S12), which could be at- 
tributed to a positive feedback loop of PG on 
local COX-2 expression (figs. S1 and S11 to 
$14). Clusters of BAT-like cells were detectable 
within WAT in intra-abdominal fat sections from 
KS5COX2 mice (Fig. 2A). Correlating with loss 
of COX-2 expression in WAT and normalized 
plasma PG levels (figs. S12 and S13), BAT-like 


cells were absent in intra-abominal fat upon “‘ther- 
apeutic” celecoxib exposure (Fig. 2A). Consistent- 
ly, mRNA expression analysis showed a marked 
induction of the thermogenic gene expression 
program in KSCOX2 mice (Fig. 2B and fig. 
S15), which suggests that local COX-2 overex- 
pression in WAT is sufficient for ectopic indBAT 
development. 
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Fig. 3. Carbaprostacyclin (cPGI2) shifts the differentiation of WAT mesenchymal progenitors toward a 
brown adipocyte phenotype. (A to D) Quantitative RT-PCR mRNA expression analysis. (A) C3H10T1/2 cells 
were induced to differentiate with adipogenic medium for 12 days in the presence of 1 uM of the 
indicated substance. Three hours before harvest, cells were acutely stimulated with 1 uM NE or vehicle in 
the absence of PG (n = 3; ANOVA interaction: UCP1 P = 0.002, PGC1A P = 0.002; *, post tests — versus 
cPGlz: UCP1 P < 0.01, PGC1A P < 0.05). (B) Mouse Lin CD29*CD34*Sca1* mesenchymal progenitor cells 
were sorted from WAT-derived SVF and induced to differentiate as in (A) +/— 1 uM Ptgir antagonist 
RO1138452 (RO) (n = 3; *, cPGlz-treated — versus RO P < 0.03). (C) Human enriched adipose tissue 
mesenchymal cells were treated as in (A) (n = 3; ANOVA interaction: P > 0.05; *, post tests Ctrl versus 
cPGI5: P < 0.001). (D) Lin"CD29*CD34*Sca1* cells from wt and Pparg*” WAT were treated as in (A) (n = 
3; *, cPGl>-treated wt versus Pparg’’ P < 0.015). Means + SEM. 
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Fig. 4. Chronic COX-2 excess in WAT protects mice from diet-induced obesity and dysregulated glucose 
homeostasis. (A) Body weight time course of 7-month-old wt and K5COX2 mice fed a HFD or a control diet 
(60% and 10% calories from fat, respectively) for 16 weeks (n > 9, ANOVA post tests, *P < 0.05). (B) 
Intraperitoneal glucose tolerance test (GTT) in same mice as in (A) [n = 7; ANOVA post tests, wt: control 
versus HFD P < 0.05 (*); control diet: wt versus K5COX2 P < 0.05 (#)]. Means + SEM. 


KS5COX2 mice displayed a 20% reduction in 
body weight, correlating with a severe reduction 
in body fat content but not muscle mass or bone 
length (Fig. 2, C and D, and fig. S16), which was 
reversed in animals on a celecoxib diet (fig. S17). 
The reduced adiposity of KSCOX2 mice could 
not be explained by decreased food intake (Fig. 
2E), increased activity of thermogenic and/or fu- 
tile cycles in skeletal muscle (fig. $18), enhanced 
conBAT activity (fig. S19), or compromised skin 
insulation (figs. S18 to S22), but was associated 
with increased energy expenditure. Oxygen con- 
sumption was increased in KSCOX2 mice com- 
pared with controls (Fig. 2F), which, along with 
an increase in body temperature (fig. S22), re- 
flected a significant elevation of the resting meta- 
bolic rate (fig. S22). Consistent with increased 
substrate use, plasma free fatty acid and glycerol 
levels were lower in KSCOX2 mice as compared 
with controls (fig. S23). Taken together, these 
results indicate that COX-2 has a critical role in 
indBAT development and function in WAT de- 
pots and that the COX-2-PG pathway contributes 
to adaptive thermogenesis and energy homeostasis. 

Because the cellular origin of indBAT is cur- 
rently a matter of dispute (9, 16), we sought to 
determine the cell type responding to PG down- 
stream of COX-2. Whereas NE treatment re- 
sulted in moderate but significant increases in 
UCP1, PGC1A, and PPARA mRNA expression, 
neither PGE, nor carbaprostacyclin (cPGI,), a 
stable analog of PGI, induced these genes in ma- 
ture adipocytes (fig. S24). In contrast to conBAT 
cells, induced brown adipocytes in WAT depots 
do not originate from common BAT/myogenic 
progenitors during cold exposure (/6, /7). Indeed, 
markers of conBAT progenitors, MYF5 and LHX8, 
were not enriched in indBAT of CL-treated or 
KSCOX2 mice (fig. S25), substantiating the 
hypothesis that indBAT cells derive from unique 
mesenchymal progenitors residing in the SVF of 
WAT depots (9). As a model for multipotent mes- 
enchymal progenitors, we first studied C3H10T1/2 
cells (16, 78) and treated them with PG or NE 
during adipogenic differentiation. Differentiation 
of these progenitors in the presence of cPGI, 
generated lipid-containing adipocytes with enhanced 
bona fide brown adipocyte capacities, as shown 
by a substantially increased response of thermo- 
genic gene expression to postdifferentiation acute 
NE stimulation (Fig. 3A and fig. S26) (79). Ad- 
ditionally, acute treatment of primary SVF cells 
from WAT with PGE, or cPGI, led to a signif- 
icant increase in UCP1 and PGC1A mRNA ex- 
pression to an extent comparable to or greater 
than that induced by NE (fig. S27), supporting 
the notion that (progenitor) cells within the SVF 
are PG-responsive and in principle capable of up- 
regulating BAT-specific genes. 

We next isolated primary Lin CD29°CD34" 
Scal* progenitor cells from WAT-derived SVF. 
These cells have the potential to differentiate 
along several mesenchymal lineages, including 
the lineage leading to white adipocytes (20) (fig. 
$28). Treatment with cPGI, or coculture with 
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CL-treated WAT explants induced the expression 
of UCP! mRNA in these undifferentiated pro- 
genitor cells (figs. S29 and S30). Exposure of the 
Lin CD29*CD34*Scal* cells to cPGI, during 
adipogenic differentiation potently elevated BAT 
marker gene expression and enhanced the post- 
differentiation responsiveness to NE (Fig. 3B and 
fig. S31). Similar results were also obtained with 
primary mesenchymal progenitors obtained from 
human WAT (Fig. 3C). The cPGL effects in Lin 
CD29'CD34'Scal” progenitors were blocked by 
loss-of-function of cellular PGI, receptors, Ptgir 
(7-transmembrane receptor) (2/) or nuclear re- 
ceptor PPARy (22) (Fig. 3, B and D, and figs. $31 
and $32) but were unaffected by PPARa/PPARB/S 
double knockout (fig. $33). Consistently, CL- 
induced indBAT recruitment was impaired in Ptgir” 
mice (figs. S34 to S36). Likewise, CL-induced 
indBAT recruitment was partially inhibited in 
PPARy” animals (figs. S37 and $38) (23) but not 
in PPARo” or B/S” mice (figs. S39 and $40), 
although the effect of PPARy heterozygosity on 
UCP1 expression was compensated in the context 
of the intact tissue in vivo. These results demon- 
strate that COX-2 triggers recruitment of indBAT 
in WAT through a conserved PG-mediated differ- 
entiation shift of WAT mesenchymal progenitors 
toward the brown adipocyte phenotype using both 
membrane (Ptgir) and nuclear (PPARy) receptor 
pathways. 

Lastly, the critical role of COX-2 in the de 
novo recruitment of indBAT prompted us to as- 
sess the potential of this pathway to counteract 
adiposity and its pathophysiological consequences. 
Wild-type mice on a high-fat diet (HFD) showed 
a marked body weight gain throughout a 16-week 
feeding period (Fig. 4A). In contrast, weight gain 
was not significant in KSCOX2 mice after 16 
weeks on HFD; these mice reached body weight 
levels of wild-type mice on control diet (Fig. 4A). 


Moreover, KSCOX2 mice were protected against 
HFD-induced fasting hyperglycemia (fig. S41), 
hyperinsulinemia (fig. S41), and glucose intol- 
erance (Fig. 4B), suggesting that the stimulation 
of indBAT recruitment and energy expenditure 
through the COX-2-PG pathway confers protection 
against several adverse metabolic consequences 
of diet-induced obesity. 

In conclusion, our data are consistent with a 
model in which NE released from sympathetic 
nerves induces COX-2 activity in WAT. We pro- 
pose that downstream PG(I,)/Ptgir/PPARy signal- 
ing then shifi(s) the differentiation of mesenchymal 
progenitors toward a brown phenotype with in- 
creased sensitivity to NE (fig. S1). This feed- 
forward mechanism results in the recruitment of 
indBAT in WAT depots, contributing to thermo- 
genesis and systemic energy expenditure. Cur- 
rently, there are no drugs available that induce 
BAT. B-adrenergic agonists that increase thermo- 
genesis have been tested in humans as antiobesity 
drugs, but with limited success (24, 25). Manipu- 
lation of COX-2/PG signaling in defined indBAT 
progenitors represents an alternative strategy for 
enhancing BAT activity that could help protect 
against energy surplus and body weight gain. 
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Genome-Wide Kinetics of Nucleosome 
Turnover Determined by Metabolic 
Labeling of Histones 


Roger B. Deal,? Jorja G. Henikoff,? Steven Henikoff’2* 


Nucleosome disruption and replacement are crucial activities that maintain epigenomes, but these highly 
dynamic processes have been difficult to study. Here, we describe a direct method for measuring 
nucleosome turnover dynamics genome-wide. We found that nucleosome turnover is most rapid over active 
gene bodies, epigenetic regulatory elements, and replication origins in Drosophila cells. Nucleosomes turn 
over faster at sites for trithorax-group than polycomb-group protein binding, suggesting that nucleosome 
turnover differences underlie their opposing activities and challenging models for epigenetic inheritance 
that rely on stability of histone marks. Our results establish a general strategy for studying nucleosome 
dynamics and uncover nucleosome turnover differences across the genome that are likely to have functional 
importance for epigenome maintenance, gene regulation, and control of DNA replication. 


ucleosome disassembly and reassembly, 
or turnover, is necessary for epigenome 


maintenance, but the mechanisms that are 


responsible remain unclear (/). One approach to 
this problem has been to map enrichment of the 
universal histone replacement variant, H3.3 (2-6), 


which requires complete unwrapping of DNA 
from around the histone core for its replication- 
independent deposition to occur. Genome-wide 
profiling of steady-state amounts of H3.3 from 
Drosophila melanogaster $2 cells indicated that 
nucleosome replacement occurs most prominently 
across transcribed regions of active genes and at 
promoters and binding sites of trithorax group 
(trxG) and polycomb group (PcG) proteins (2, 3). 
Similar results were obtained for HeLa cells (7) 
and Caenorhabditis elegans embryos (8). A more 
direct approach, which can measure dynamics but 
is limited to yeast, is to express constitutive and in- 
ducible histone transgenes and to measure the rel- 
ative incorporation of their encoded tagged histones 
(9-11). These studies indicated that turnover rates 
were high at promoters and chromatin boundary 
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elements but low within transcribed regions. Both 
approaches are limited by the requirement for trans- 
genes and tags and by the time lag during induction. 


Fig. 1. CATCH-IT marks sites of 
histone replacement and reveals 
kinetics. (A) Gene ends analysis A  ‘° 


We have developed a general method for 
directly measuring the kinetics of nucleosome 
turnover that overcomes these limitations (/2). 
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Fig. 2. Chromatin landscapes of CATCH-IT, ORC, 
H3.3, and salt fractions. Chromatin landscapes over 
a representative euchromatic region of chromosome 
arm 3R from a CATCH-IT time course of 20-, 40-, Chr 3R:16749000-16965000 
and 60-min Aha treatment. Also shown are ORC Ganes 10 kb 
binding; biotinylated H3.3 nucleosomes; and suc- =z 


cessive 80 mM, 600 mM, and insoluble chromatin 
salt fractions (18). Genes are shown above chroma- 
tin tracks. Those above the line are on the top 
strand and those below the line are on the bottom 
strand. Right section shows a magnification of the 
indicated region of the left section. 


Our strategy uses cotranslational incorporation of 
the methionine (Met) surrogate azidohomoala- 
nine (Aha) into proteins and subsequent ligation 
of biotin to Aha-containing proteins through 
the [3+2] cycloaddition reaction between the 
azide group of Aha and an alkyne linked to 
biotin (73, /4) (fig. SIA). To measure nucleo- 
some turnover rates, we treated cells briefly 
with Aha, coupled biotin to nucleosomes con- 
taining newly incorporated histones, affinity- 
purified with streptavidin, washed stringently 
to remove nonhistone proteins, and analyzed the 
affinity-purified DNA by using tiling microar- 
rays. We call this strategy CATCH-IT, for covalent 
attachment of tags to capture histones and iden- 
tify tumover. In Drosophila S2 cells, Aha was in- 
corporated into total protein, including histones, 
in a translation-dependent manner (fig. S1, B to 
D). Incorporation of Aha into newly synthesized 
histones increased in proportion to the length of 
Aha treatment for at least 3 hours. 

To measure nucleosome turnover across the 
genome, we starved late log-phase S2 cells for 
methionine for 30 minutes and treated them with 
Aha for 3 hours, performed the biotin coupling 
reaction on isolated nuclei, and digested chroma- 
tin with micrococcal nuclease to yield mostly 
mononucleosomes. Biotin-tagged nucleosomes 
containing newly synthesized histones were then 
isolated by using streptavidin beads and washed 
with a urea-salt solution to remove H2A/H2B 
dimers and other DNA-binding proteins (fig. $2), 
leaving only (H3/H4), tetramers (/5), and the 
remaining DNA was labeled and hybridized to 
high-density tiling microarrays along with the 
corresponding input DNA. For comparison, we 
also performed streptavidin precipitations using 
chromatin from S2 cells expressing biotin-tagged 
H3.3 over a 2-day period as previously described 
(2). When array data for all genes with annotated 
ends were divided into quintiles by gene expres- 
sion and aligned by gene ends and when log 
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ratios of precipitated DNA/input DNA were av- 
eraged across genes, we found that CATCH-IT and 
H3.3 profiles were highly similar (Fig. 1, A and C). 
In addition, CATCH-IT landscapes corresponded 
overall to steady-state H3.3 landscapes (Fig. 2, 
blue and green tracks), albeit with better defini- 
tion of chromatin features. Such correspondence 
confirms that CATCH-IT depends on nucleosome 
dynamics, and we attribute the better resolution of 
CATCH-IT to its capturing turnover kinetics rather 
than steady-state replacement. 

As a control, we also treated S2 cells with 
Met rather than Aha and obtained a featureless 
profile, confirming that the signals obtained with 
Aha represent newly synthesized histones (fig. S3). 
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We also found that independent biological repli- 
cates of the CATCH-IT procedure yielded similar 
results (fig. S4). 

We next asked whether CATCH-IT could mea- 
sure nucleosome tumover kinetics. After treating 
cells with a 3-hour pulse of Aha, a sample was 
taken, and then cells were switched back to Met- 
containing media for a 1.5-hour chase; both sam- 
ples were processed as before. As expected, the 
chase resulted in an overall reduction of signal 
across expressed genes when compared with the 
pulse signal (Fig. 1, A and B). We also compared 
the difference between the pulse and chase sig- 
nals to the pulse signal on scatter plots by 
using either all 2.1 million probes or only genic 
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Fig. 3. Kinetics of nucleosome turnover at epigenetic regulatory elements and sites of ORC 
binding. (A) Average CATCH-IT time course signals over GAF and EZ+PSC binding sites. (B) Same as 
in (A) but for a pulse-chase experiment with a 3-hour Aha pulse and 1.5-hour Met chase. (C) 
Average biotinylated H3.3 signals over GAF and EZ+PSC binding sites. (D) Average signals from 
chromatin salt fractions over GAF and EZ+PSC binding sites. (E to P) Plots of various chromatin 
signals aligned at peaks of ORC binding and divided into quintiles by ORC peak score (20). 
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probes from genes in each expression quintile. 
As expected for kinetic measurements, nucleo- 
somes undergoing the highest turnover also tended 
to show the largest decrease during the chase, and 
this trend depended on gene expression (Fig. 1, D 
and E, and fig. S5). We conclude that CATCH-IT 
captures the dynamics of histone replacement. In 
addition, these results show that turnover across 
gene bodies is highly dependent on expression 
level (Fig. 1, A and B). We suggest that the high 
tumover seen for gene bodies in Drosophila but 
low rate seen for yeast (/0) reflects biological 
differences between the two organisms in pro- 
cesses that evict or retain nucleosomes during 
transcription. 

To estimate rates of nucleosome turnover, we 
removed successive samples after treating with 
Aha for 20, 40, and 60 min. We observed that the 
nucleosome turnover landscapes generated at 
each time point were highly similar (Fig. 2, blue 
tracks), and this was confirmed by ends analysis 
(fig. S6). We also examined turnover at sites of 
epigenetic regulatory elements, as represented 
by sites of binding of the trxG proteins GAF 
(GAGA factor or trithorax-like) and Zeste and 
of the PcG proteins EZ (enhancer of zeste) and 
PSC (posterior sex combs) (/6, 17). Comparison 
of average tumover profiles across GAF, Zeste, 
and EZ+PSC sites showed that CATCH-IT iden- 
tified these sites as regions of high turnover rela- 
tive to surrounding regions, with higher turnover 
at GAF than at EZ+PSC sites (Fig. 3, A and B, 
and fig. S7, A and B). There was also better 
peak delineation with CATCH-IT than was ob- 
served for H3.3 or low salt-soluble chromatin, 
which represents classical “active” chromatin (/8) 
(Fig. 3, A to D, and fig. S7). By using the 20-min 
data sets from two independent experiments to 
calculate turnover rates (fig. S8), we obtained mean 
lifetimes of ~1 hour for the peak just downstream 
of the transcriptional start site of active genes, ~1 
hour for GAF sites, and ~1.5 hours for EZ+PSC 
sites (table S1). These estimates are conservative, 
because any delay in incorporation of Aha would 
lead us to overestimate mean lifetimes. Therefore, 
nucleosomes within active genes and at epigenetic 
regulatory elements turn over multiple times during 
each ~20-hour cell cycle. 

We also compared CATCH-IT turnover land- 
scapes to binding sites for the ORC2 subunit of 
the origin recognition complex (ORC), which 
specifies replication initiation (19). We observed 
a notable correspondence, as exemplified by vi- 
sual examination of a typical gene-rich region of 
the Drosophila genome (Fig. 2, magenta tracks). 
Although H3.3 amounts also showed a corre- 
spondence to ORC amounts (Fig. 2, green tracks) 
as previously observed (20), the resemblance of 
CATCH-IT profiles to ORC profiles was far more 
conspicuous. To better evaluate these correspon- 
dences, we aligned CATCH-IT, H3.3, and other 
chromatin profiles around the 5135 ORC peaks 
(20) and divided them into quintiles on the basis 
of ORC binding score (Fig. 3, E to G). The 
nested peaks indicate a quantitative relationship 
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between ORC binding and nucleosome turnover, 
suggesting that turnover facilitates ORC binding. 
In contrast, other chromatin features that would 
be expected for open or dynamic chromatin, in- 
cluding nucleosome density, mononucleosome/ 
oligonucleosome ratio (a measure of micrococcal 
nuclease accessibility), H2Av (an H2A.Z his- 
tone variant enriched in active chromatin), and 
salt-soluble nucleosomes, show little if any de- 
pendence on ORC abundance (Fig. 3, H to P). 
Our findings support the hypothesis that repli- 
cation origins are determined by chromatin, not 
by sequence features (20, 21). The better quan- 
titative correspondence of ORC to CATCH-IT 
data than to other chromatin measurements implies 
that the ORC occupies DNA that is made acces- 
sible by nucleosome turnover. In support of this 
interpretation, we note that very similar corre- 
spondences are seen when CATCH-IT data are 
aligned with GAF sites (fig. S9) and that GAF 
directs nucleosome turnover in vivo (22, 23). 
Our direct strategy for measuring the kinetics 
of nucleosome turnover does not rely on trans- 
genes or antibodies but rather uses native his- 
tones and generic reagents. Thus, CATCH-IT 
provides a general tool for studying activities 
that influence nucleosome turnover. With use of 
CATCH-IT, we found direct evidence that epige- 
netic maintenance involves nucleosome turnover, 
a process that erases histone modifications (/0). 


The fact that EZ is responsible for di- and tri- 
methylation of H3K27, but the nucleosomes that 
it modifies turn over faster than a cell cycle, 
argues against proposals that histone modifica- 
tions required for cellular memory themselves 
transmit epigenetic information (24). Rather, by 
simply increasing or decreasing accessibility of 
DNA to sequence-specific binding proteins, regu- 
lated nucleosome turnover may perpetuate active 
or silent gene expression states and facilitate ini- 
tiation of replication. 
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In 2002, world leaders committed, through the Convention on Biological Diversity, to achieve 

a significant reduction in the rate of biodiversity loss by 2010. We compiled 31 indicators to report 
on progress toward this target. Most indicators of the state of biodiversity (covering species’ 
population trends, extinction risk, habitat extent and condition, and community composition) 
showed declines, with no significant recent reductions in rate, whereas indicators of pressures 

on biodiversity (including resource consumption, invasive alien species, nitrogen pollution, 
overexploitation, and climate change impacts) showed increases. Despite some local successes 
and increasing responses (including extent and biodiversity coverage of protected areas, 
sustainable forest management, policy responses to invasive alien species, and biodiversity-related 
aid), the rate of biodiversity loss does not appear to be slowing. 


Convention on Biological Diversity (CBD), 
“to achieve by 2010 a significant reduction of 
the current rate of biodiversity loss’ (/), and this 


I 2002, world leaders committed, through the 


“2010 target” has been incorporated into the 
United Nations Millennium Development Goals 
in recognition of the impact of biodiversity loss 
on human well-being (2). The CBD created a 


framework of indicators to measure biodiversity 
loss at the level of genes, populations, species, 
and ecosystems (3, 4). Although a minority have 
been published individually (5), hitherto they have 
not been synthesized to provide an integrated 
outcome. Despite suggestions that the target is 
unlikely to be (6-8), or has not been (4, 9, /0), 
met, we test this empirically using a broad suite of 
biodiversity indicators. 

To evaluate achievement of the 2010 target, 
we (i) determined the trend, and timing and direction 
of significant inflections in trend for individual 
indicators (//) and (ii) calculated aggregated in- 
dices relating to the state of biodiversity, pres- 
sures upon it, policy and management responses, 
and the state of benefits (ecosystem services) that 
people derive from biodiversity, using the best 
available sources. To calculate aggregate indices, 
we first scaled each of 24 indicators (out of 31) 
with available trend information to a value of 1 in 
the first year with data from 1970 onward (only 
eight indicators had earlier trends) and calculated 
annual proportional change from this first year. 
Then we used a generalized additive modeling 
framework (5, 12, 13) and determined significant 
inflections (/2). Although absolute values are 
difficult to interpret because they aggregate dif- 
ferent elements of biodiversity, this approach 
permits a synthetic interpretation of rate changes 
across the elements measured: For example, the 
aggregated state index should show positive 
inflections if biodiversity loss has been signifi- 
cantly reduced. 
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Our analyses suggest that biodiversity has 
continued to decline over the past four decades, 
with most (8 out of 10) state indicators showing 
negative trends (Fig. | and Table 1). There have 
been declines in population trends of (i) ver- 
tebrates (/3) and (ii) habitat specialist birds; (iii) 
shorebird populations worldwide; extent of (iv) 
forest (14, 15); (v) mangroves; (vi) seagrass beds; 
and (vii) the condition of coral reefs. None show 
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significant recent reductions in the rate of decline 
(Table 1), which is either fluctuating (i), stable (11), 
based on too few data to test significance (ii to vi), 
or stable after a deceleration two decades ago (vii). 
Two indicators, freshwater quality and trophic in- 
tegrity in the marine ecosystem, show stable and 
marginally improving trends, respectively, which 
are likely explained by geographic biases in data 
availability for the former and spatial expansion 
of fisheries for the latter (5). Aggregated trends 
across state indicators have declined, with no sig- 
nificant recent reduction in rate: The most recent 
inflection in the index (in 1972) was negative (Fig. 
2). Because there were fewer indicators with trend 
data in the 1970s, we recalculated the index from 
1980, which also showed accelerating biodiversity 
loss: The most recent inflection (2004) was neg- 
ative. Finally, aggregated species’ extinction risk 
(i.e., biodiversity loss at the species level) has ac- 
celerated: The International Union for Conservation 
of Nature (IUCN) Red List Index (RLI, measuring 
rate of change (16, /7), shows negative trends. 


REPORTS 


The majority of indicators of pressures on 
biodiversity show increasing trends over recent 
decades (Fig. 1 and Table 1), with increases in (i) 
aggregate human consumption of the planet’s 
ecological assets, (11) deposition of reactive nitro- 
gen, (ii) number of alien species in Europe, (iv) 
proportion of fish stocks overharvested, and (v) 
impact of climate change on European bird pop- 
ulation trends (/8). In no case was there a signif- 
icant reduction in the rate of increase (Table 1), 
which was stable (1, ii, and v), fluctuating (iv), or 
based on too few data to test significance (ii), 
although growth in global nitrogen deposition may 
have slowed, and this may explain why the most 
recent inflection in aggregated trends (in 2006) 
was negative (Fig. 2) (5). Global trends for 
habitat fragmentation are unavailable, but it is 
probably increasing; for example, 80% of remain- 
ing Atlantic Forest fragments are <0.5 km? in 
size (19), and 59% of large river systems are 
moderately or strongly fragmented by dams and 
reservoirs (20). 
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Fig. 1. Indicator trends for (A) the state of biodiversity, (B) pressures upon it, (C) responses to address its 
loss, and (D) the benefits humans derive from it. Data scaled to 1 in 1970 (or for first year of data if 
>1970), modeled (if >13 data points; see Table 1), and plotted on a logarithmic ordinate axis. Shading 
shows 95% confidence intervals except where unavailable (i.e., mangrove, seagrass, and forest extent, 
nitrogen deposition, and biodiversity aid). WBI, Wild Bird Index; WPSI, Waterbird Population Status Index; 
LPI, Living Planet Index; RLI, Red List Index; IBA, Important Bird Area; AZE, Alliance for Zero Extinction 


site; IAS, invasive alien species. 
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Table 1. Summary of global biodiversity indicator trends. 


Data é 5 Mean annual % change§ é 
Indicator availability He Shange singe . trends tn 
1970+ 1970s 1980s 1990s 2000s Since 1970 rate of changel| 
(years) t 
State 
Living Planet Index (LPI) 1970-2006 =31* -0.2 -14 -14 = -0.9 —1.0 F 
(mean population trends of vertebrates) 
Wild Bird Index [mean population trends 1980-2007 —2.6* 0.6 -0.2 +0.6 -0.1 Ss 
of habitat specialists in Europe and North —16*(t) -13 -0.7. +0.3 -0.7 D 1982-2007 
America, disaggregated for terrestrial (t) +40*(w) 41.1 413 41.1 +1.2 S 
and wetland (w) species] 
Waterbird Population Status Index 1985-2005t —33 14 -2.0 -24 —2.0 A? 
(% shorebird populations increasing, 
stable, or decreasing) 
Red List Index (RLI) (extinction risk of 1986-2008 —6.1* -0.1 -0.2 -0.5 —0.3 A 
mammals, birds, amphibians, and corals) 
Marine Trophic Index 1950-2006 +3.0* +0.1 -0.1 40.1 40.1 +0.1 S 
(shift in fishing catch from top 
predators to lower trophic levels) 
Forest extent 1990—2005t+ 3.1 -0.2 -0.2 -0.2 S? 
Mangrove extent 1980—2005t -19 —10 -07 -0.7 —0.8 Ss? 
Seagrass extent 1930-2003t —20 04 -05 -0.5 -2.4 -0.7 A? 
Coral reef condition 1980-2004 —38* 3.9 -0.3 +0.2 —1.8 D 1985-1988 
(live hard coral cover) 
Water Quality Index 1980-2005 0 +0.1 40.0 -0.2 +0 S 
(physical/chemical quality of freshwater) 
Number of state indicators declining 2/3 8/9 8/10 = 7/10 8/10 
Pressures 
Ecological footprint 1961-2006 +78* 42.0 41.3 41.3 42.1 +1.6 S 
(humanity's aggregate resource-consumption) 
Nitrogen deposition rate 1850-—2005t +35 42.0 41.3 -0.3 40.2 +0.9 D? 
(annual reactive N deposited) 
No. alien species in Europe 1970-2007 +76* 42.00 414 416 41.1 +15 S 
(Mediterranean marine, mammal, and freshwater) 
Exploitation of fish stocks 1974-2006 +31* +0.6 40.6 41.1 41.2 +0.9 E 
(% overexploited, fully exploited, or depleted) 
Climatic Impact Indicator 1980-2005 +23* 0.8 43.2  +1.2 +1.2 Ss 
(degree to which European bird population trends 
have responded in the direction 
expected from climate change) 
Number of pressure indicators increasing 4/4 4/5 4/5 5/5 5/5 
Responses 
Extent of Protected Areas (PAs) 1888-2006 +400* +7.6 +445 +34 +2.4 +4.7 Ss 
Coverage by PAs of Important 1888-2009 +360* +5.6 446 42.6 +0.8 +3.4 D 1999-2008 
Bird Areas and Alliance for Zero Extinction sites 
Area of forest under sustainable 1995-2008 +12,000* +100 +20 +46 D 2006 
management (FSC certified) 
International IAS policy adoption 1952-2008 +2700* +10 +6.9 +14 +5.1 +9.1 S 
(no. signatories to conventions 
with provision for tackling IAS) 
National IAS policy adoption 1964-2009 +10,000* +30 +8.7 +12 +4.1 +13 D 2004-2009 
(% countries with relevant legislation) 
Official development assistance 2005-2007 +17 +8.4 +8.3 D? 
(US$ per year provided in support of CBD) 
Number of response indicators increasing 4/4 4/4 5/5 6/6 6/6 
Benefits 
LPI for utilized vertebrate populations 1970-2006 —15* 41.0 -0.3 -1.3 -1.7 —0.4 A 1972-2006 
RLI for species used for food and medicine 1986-2008 —3.5* 0.2 -0.2 -0.2 —0.2 A 
RLI for bird species in international trade 1988-2008 —0.5* —0.01 -0.03 -0.02 —0.03 A 
Number of benefits indicators declining 0/1 3/3 3/3 3/3 3/3 
*Significant trends (P < 0.05). tlidentifies indicators with insufficient data to test significance of post-1970 trends, usually because annual estimates are unavailable. Since earliest 
date with data if this is post-1970. §Because the indicators measure different parameters, some comparisons of mean annual % change between indicators are less meaningful than 
comparisons between decades for the same indicator. | Rate of change decelerating (D), accelerating (A), stable (S, i.e., no years with significant changes), fluctuating (F, i.e., a sequence of 


significant positive and negative changes), or with too few data points to test significance (?); years indicate periods in which second derivatives differed significantly from zero (P < 0.05). 
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All indicators of policy and management 
responses show increasing trends (Fig. 1 and 
Table 1), with increases in (i) extent of protected 


areas (PAs) (Table 2); (ii) coverage by PAs of two 
subsets of Key Biodiversity Areas (2/) [39% of 
the area of 10,993 Important Bird Areas and 42% 


REPORTS 


of the area of 561 Alliance for Zero Extinction 
sites (22) by 2009]; (iii) area of sustainably 
managed forests [1.6 million km? under Forest 


Stewardship Council (FSC) certification by 2007]; 
(iv) proportion of eligible countries signing inter- 
national agreements relevant to tackling invasive 
alien species (IAS) [reaching 82% by 2008 (23)]; 
(v) proportion of countries with national legisla- 


Fig. 2. Aggregated indices of (A) the state of bio- 
diversity based on nine indicators of species’ population 


trends, habitat extent and condition, and community 
tion to control and/or limit the spread and impact 


composition; (B) pressures on biodiversity based on five im 

indicators of ecological footprint, nitrogen deposition, 0.9 of IAS [reaching 55% by 2009 (23)]; and (vi) 
numbers of alien species, overexploitation, and climatic 08 biodiversity-related aid (reaching US$3.13 billion 
impacts; and (C) responses for biodiversity based on six 


in 2007). The rate of increase was stable (i and iv), 
indicators of protected area extent and biodiversity cov- 0.7 sewing Gi ij 
erage, policy responses to invasive alien species, sustain- 18 
able forest management, and biodiversity-related aid. 
Values in 1970 set to 1. Shading shows 95% confidence 
intervals derived from 1000 bootstraps. Significant 
positive/upward (open circles) and negative/downward 


1.2 A State 


14 


B Pressure 


test significance (vi) (Table 1). The last three in- 
16 flections in aggregated trends (2002, 2004, and 
2008) were all negative (Fig. 2), indicating that 
the rate of improvement has slowed. Two other 


Index 
PS 


(filled circles) inflections are indicated. 


1.2 indicators have only baseline estimates: Manage- 
ment effectiveness was “sound” for 22% of PAs 
(“basic” for 65% and “clearly inadequate” for 
13%), and the proportion of genetic diversity for 
200 to 300 important crop species conserved ex 
situ in gene banks was estimated to be 70% (24). 

Only three indicators address trends in the 
benefits humans derive from biodiversity (Fig. 
1 and Table 1): (i) population trends of utilized 
vertebrates have declined by 15% since 1970, and 
aggregate species’ extinction risk has increased 


2010 target set 


1970 1980 1990 2000 2010 


Table 2. Examples of successes and positive trends relevant to the 2010 target (5). 


Indicator 


Successes and positive trends 


Living Planet Index of Palearctic 

vertebrate populations 
Waterbird populations in 

North America and Europe 
Species downlisted on the 

IUCN Red List 


Wild Bird Index and Red List 
Index for species listed on the 
European Union Birds Directive 

Extinctions prevented 

Water Quality Index in Asia 

Deforestation in 


Amazonian Brazil 


National biodiversity strategies 
and action plans (NBSAPs) 
Protected areas (PAs) 


Invasive alien species (IAS) 
policy, eradication, and control 


Official development 
assistance for biodiversity 


State 
Increased by 43% since 1970 (e.g., Eurasian beaver and common buzzard) 


Increased by 44% since 1980 owing to wetland protection and sustainable management 
(but populations remain below historic levels). 

Species qualifying for downlisting to lower categories of extinction risk owing to successful 
conservation action include 33 birds since 1988 (e.g., Lear's macaw), 25 mammals since 
1996 (e.g., European bison), and 5 amphibians since 1980 (e.g., Mallorcan midwife toad). 

Annex 1-listed species’ population trends have improved in EU countries (27) and 
extinction risk reduced (RLI increased 0.46% during 1994-2004) owing to designation of 
Special Protected Areas and implementation of Species Action Plans under the directive 
(e.g., white-tailed eagle). 

At least 16 bird species extinctions were prevented by conservation actions during 1994-2004, 
e.g., black stilt (28). 

Improved by 7.4% since 1970. 

Pressures 

Slowed from 2.8 million ha in 2003—2004 to 1.3 million ha in 2007—2008, but it is uncertain 
to what extent this was driven by improved enforcement of legislation versus reduced 
demand owing to economic slowdown. 

Responses 

87% of countries have now developed NBSAPs and therefore have outlined coherent plans 
for tackling biodiversity loss at the national scale. 

Nearly 133,000 PAs designated, now covering 25.8 million km?: 12% of the terrestrial 
surface (but only 0.5% of oceans and 5.9% of territorial seas), e.g., Juruena National Park, 
Brazil, designated in 2006, covering 19,700 km? of Amazon/cerrado habitat. 

82% of eligible countries have signed international agreements relevant to preventing the 
spread and promoting the controVeradication of IAS. Successful eradications/control of IAS 
include pigs on Clipperton Atoll, France (benefiting seabirds and land crabs), cats, goats and 
sheep on Natividad, Mexico (benefiting black-vented shearwater), and red fox in southwest 
Australia (benefiting western brush wallaby). 

Increased to at least US$3.13 billion in 2007. 
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at an accelerating rate (as shown by the RLID) for 
(ii) mammals, birds, and amphibian species used 
for food and medicine (with 23 to 36% of such 
species threatened with extinction) and (iti) birds 
that are internationally traded (principally for the 
pet trade; 8% threatened). Trends are not yet 
available for plants and other important utilized 
animal groups. Three other indicators, which lack 
trend data, show (iv) 21% of domesticated an- 
imal breeds are at risk of extinction (and 9% are 
already extinct); (v) languages spoken by fewer 
than 1000 people (22% of the current 6900 lan- 
guages) have lost speakers over the past 40 years 
and are in danger of disappearing within this 
century (loss of linguistic diversity being a proxy 
for loss of indigenous biodiversity knowledge); 
and (vi) more than 100 million poor people live 
in remote areas within threatened ecoregions and 
are therefore likely to be particularly dependent 
upon biodiversity and the ecosystem services it 
provides. 

Indicator development has progressed sub- 
stantially since the 2010 target was set. However, 
there are considerable gaps and heterogeneity in 
geographic, taxonomic, and temporal coverage 
of existing indicators, with fewer data for devel- 
oping countries, for nonvertebrates, and from 
before 1980 and after 2005 (4, 5, 25). Interlink- 
ages between indicators and the degree to which 
they are representative are incompletely under- 
stood. In addition, there are gaps for several key 
aspects of state, pressures, responses, and espe- 
cially benefits (4, 5, 7, 26). 

Despite these challenges, there are sufficient 
data on key dimensions of biodiversity to con- 
clude that at the global scale it is highly unlikely 
that the 2010 target has been met. Neither indi- 
vidual nor aggregated indicators of the state of 
biodiversity showed significant reductions in their 
rates of decline, apart from coral reef condition, 
for which there has been no further deceleration 
in decline since the mid-1980s. Furthermore, all 
pressure indicators showed increasing trends, with 
none significantly decelerating. Some local system- 
specific exceptions with positive trends for par- 
ticular populations, taxa, and habitats (Table 2) 
suggest that, with political will and adequate re- 
sources, biodiversity loss can be reduced or re- 
versed. More generally, individual and aggregated 
response indicators showed increasing trends, albeit 
at a decelerating rate (and with little direct infor- 
mation on whether such actions are effective). 
Overall, efforts to stem biodiversity loss have clearly 
been inadequate, with a growing mismatch between 
increasing pressures and slowing responses. 

Our results show that, despite a few encour- 
aging achievements, efforts to address the loss of 
biodiversity need to be substantially strengthened 
by reversing detrimental policies, fully integrating 
biodiversity into broad-scale land-use planning, 
incorporating its economic value adequately into 
decision making, and sufficiently targeting, funding 
and implementing policies that tackle biodiversity 
loss, among other measures. Sustained investment 
in coherent global biodiversity monitoring and in- 


dicators is essential to track and improve the ef- 
fectiveness of these responses. 
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Plectasin, a Fungal Defensin, 
Targets the Bacterial Cell Wall 


Precursor Lipid Il 


Tanja Schneider,? Thomas Kruse,” Reinhard Wimmer,? Imke Wiedemann,’ Vera Sass,* 
Ulrike Pag,” Andrea Jansen,” Allan K. Nielsen,* Per H. Mygind,* Dorotea S. Raventos,* 
Seren Neve,’ Birthe Ravn,* Alexandre M. J. J. Bonvin,> Leonardo De Maria,* 

Anders S. Andersen,”* Lora K. Gammelgaard,* Hans-Georg Sahl,” Hans-Henrik Kristensen** 


Host defense peptides such as defensins are components of innate immunity and have retained 
antibiotic activity throughout evolution. Their activity is thought to be due to amphipathic 
structures, which enable binding and disruption of microbial cytoplasmic membranes. Contrary to 
this, we show that plectasin, a fungal defensin, acts by directly binding the bacterial cell-wall 
precursor Lipid Il. A wide range of genetic and biochemical approaches identify cell-wall 
biosynthesis as the pathway targeted by plectasin. In vitro assays for cell-wall synthesis identified 
Lipid II as the specific cellular target. Consistently, binding studies confirmed the formation of an 
equimolar stoichiometric complex between Lipid II and plectasin. Furthermore, key residues in 
plectasin involved in complex formation were identified using nuclear magnetic resonance 


spectroscopy and computational modeling. 


lectasin is a 40—amino acid residue fungal 
defensin produced by the saprophytic as- 
comycete Pseudoplectania nigrella (1). 


Plectasin shares primary structural features with 
defensins from spiders, scorpions, dragonflies and 
mussels and folds into a cystine-stabilized alpha- 
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beta structure (CSo.B). In vitro and in animal mod- 
els of infection, plectasin is potently active against 
drug-resistant Gram-positive bacteria such as 
streptococci, whereas the antibacterial spectrum of 
an improved derivative, NZ2114 (2), also includes 
staphylococci such as methicillin-resistant Staph- 
ylococcus aureus (MRSA). 

We set out to determine the molecular target 
and specific mechanism by which plectasin kills 
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bacteria. Although many host defense peptides 
(HDPs) act on and disintegrate the bacterial mem- 
brane, several observations suggested that this is 
not the case for plectasin. 

Growth kinetic measurements of the Gram- 
positive bacterium Bacillus subtilis exposed to 
plectasin clearly demonstrated that plectasin ex- 
hibited kinetic behavior similar to cell wall 
interfering agents (such as vancomycin, penicillin, 
and bacitracin) and not to the rapidly lytic 
membrane-active agents (such as polymyxin and 
novispirin) or non-lytic antibiotics with replica- 
tion (ciprofloxacin), transcription (rifampicin), or 
protein translation (kanamycin, tetracycline) as 
their primary target (Fig. 1A) (3). Consistently 
with this, killing kinetics indicated that over a 
period of approximately one generation time (0.5 
hours) treated cells were unable to multiply, but 
remained viable (Fig. 1B inset), before the num- 
ber of colony-forming units decreased (Fig. 1B). 


REPORTS 


Next, the effect of plectasin on macromolecular 
biosynthesis pathways was investigated. The in- 
corporation of radiolabeled isoleucine into protein 
and of thymidine into nucleic acids was not affected, 
whereas glucosamine—an essential precursor of 
bacterial peptidoglycan—was no longer incor- 
porated (Fig. 1C). Lastly, treatment of B. subtilis 
with plectasin induced severe cell-shape deforma- 
tions as visualized through phase-contrast micros- 
copy (fig. S1). These characteristics are all typical 
for compounds interfering with cell-wall bio- 
synthesis rather than for membrane disintegration 
(4, 5). Consistently, neither pore formation as 
measured by K* efflux (Fig. 1E), nor changes in 
membrane potential by use of TPP’ or DiBAC4 
(fig. S2, A and B), nor carboxy-fluorescein efflux 
from liposomes were detected (fig. S2C). Thus, 
despite its amphipathic nature, plectasin does not 
compromise membrane integrity, reducing the 
risk of unspecific toxicity. 
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Fig. 1. Effect of plectasin on intact cells. (A) Classification of antimicrobial 
compounds by using optical density measurements. Growth kinetic measure- 
ments of B. subtilis exposed to plectasin or various antibiotics with known 
cellular targets. Two to four times the minimal inhibitory concentration (MIC) 
of the respective compounds were used. Plectasin (black) falls into the cluster 
of cell-wall biosynthesis inhibiting antibiotics (red colors). (B) Killing kinetics 
of plectasin; Staphylococcus simulans 22 treated with plectasin at 2 x MIC 
(open diamonds) and 4 x MIC (squares); control is without peptide (triangles). 
(Insert) A similar experiment with more time points within the first 60 min 
demonstrating the absence of killing in the first 30 min of treatment. (C) 
Impact of plectasin on macromolecular biosynthesis in B. subtilis 168. 
Incorporation of [““C]-thymidine into nucleic acids, of L-["*C]-isoleucine into 
protein, and of [?H]-glucosamine in cell wall was measured in untreated 
controls (squares) and plectasin-treated cells (open circles); glucosamine 
incorporation into cell-wall material was selectively inhibited. (D) Intracellular 
accumulation of the ultimate soluble cell-wall precursor UDP-MurNAc- 


pentapeptide in vancomycin-treated (dotted line) and plectasin-treated 
(dashed line) cells of 5. simulans 22. Cells were treated for 30 min with 
plectasin or vancomycin, which is known to form a complex with Lipid Il. 
Treated cells were extracted with boiling water, and the intracellular 
nucleotide pool was analyzed by means of reverse HPLC. UDP-MurNAc- 
pentapeptide was identified by means of mass spectrometry using the 
negative mode and 1 mg/ml 6-aza-2-thiothymine [in 50% (v/v) ethanoV/20 
mM ammonium citrate] as matrix; the calculated monoisotopic mass is 
1149.35; in addition to the singly charged ion, the mono- and disodium 
salts are detected. (E) Plectasin is unable to form pores in the cytoplasmic 
membrane of S. simulans 22. Potassium efflux from living cells was 
monitored with a potassium-sensitive electrode. lon leakage is expressed 
relative to the total amount of potassium released after addition of 1 uM 
pore-forming lantibiotic nisin (100%, open diamonds). Plectasin was added 
at 0.2 uM (triangles) and 1 uM (open triangles); controls were without 
peptide antibiotics (squares). 
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We obtained further support for the cell wall— 
interfering activity using DNA microarrays to com- 
pare the transcriptional responses of plectasin-treated 
cells with response patterns obtained for a range 
of reference antibiotics. For both B. subtilis 168 and 
S. aureus SG511, we found that the transcriptional 
profiles overlapped those of established cell-wall 
biosynthesis inhibitors, such as vancomycin and 
bacitracin (6-9) (fig. S3 and tables S1 and S2). 

The biosynthesis of bacterial cell walls requires 
a number of steps (/0). Initially, the N-acetylmuramic 
acid-pentapeptide (MurNAc-pentapeptide)—a 
major constituent of the cell-wall building block— 
is produced in the cytoplasm as an uridine di- 
phosphate (UDP)-activated precursor before it is 
transferred onto a membrane carrier, bactopre- 
nolphosphate (Fig. 2B, reaction I). The resulting 
membrane-anchored precursor Lipid I is then fur- 


ther modified to the structural cell-wall subunit, 
Lipid II (Fig. 2B, reaction II). In some Gram- 
positive bacteria, Lipid II (Fig. 2A) is further dec- 
orated by an interpeptide bridge [a pentaglycine 
peptide in the case of S. aureus (11)] (Fig. 2B, 
reaction III) before it gets translocated across the 
cytoplasmic membrane to the outside, where it is 
incorporated into the peptidoglycan polymer 
through the activity of transglycosylases and 
transpeptidases (Fig. 2B, reaction IV). We ana- 
lyzed the intracellular pool of cell-wall precursors 
by means of reverse high-performance liquid chro- 
matography (HPLC) and mass spectrometry and 
found accumulation of the soluble molecule 
UDP-MurNAc-pentapeptide in plectasin-treated 
cells (Fig. 1D), suggesting that one of the later 
membrane-associated or extracellular processes 
may be targeted by plectasin. 


We then analyzed the effect of plectasin on the 
membrane-bound steps of cell-wall biosynthesis 
in vitro. Cytoplasmic membranes with associated 
cell-wall biosynthesis apparatus were isolated and 
incubated with plectasin and radiolabeled sub- 
strates that are necessary for Lipid II formation. 
Using thin-layer chromatography and subsequent 
scintillation counting, we found the overall syn- 
thesis reaction to be strongly inhibited (Fig. 2C). 
For a more detailed analysis, we cloned the indi- 
vidual cell-wall biosynthesis genes from S. aureus, 
expressed them in Escherichia coli, and analyzed 
the activity of the purified enzymes in the presence 
of plectasin by measuring the amount of product 
formed. These enzymes included MraY (Fig. 2B, 
reaction I), MurG (Fig. 2B, reaction II), FemXAB 
(Fig. 2B, reaction III), and PBP2 (Fig. 2B, reaction 
IV). Whereas the MraY reaction was not affected 
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Fig. 2. Inhibition of membrane-associated cell-wall biosynthesis steps. (A) 
Structure of the cell-wall precursor Lipid II. (B) The membrane-bound steps of 
cell-wall precursor biosynthesis and bactoprenol (C;5P) carrier cycling in 
staphylococci. Cell-wall biosynthesis starts in the cytoplasm with the formation 
of the soluble precursor UDP-MurNAc-pentapeptide (UDP-MurNAc-pp). This 
precursor is linked to the membrane carrier bactoprenolphosphate (C;5P) 
by MraY yielding Lipid | (reaction 1). Lipid II is formed by MurG, which adds 
N-acetyl-glucosamine (GlcNAc) (reaction II). When the interpeptide bridge, 
which only occurs in some Gram-positive bacteria, is accomplished (reaction 
III), the monomeric peptidoglycan unit is translocated across the cytoplasmic 
membrane to the outside and incorporated into the cell wall (reaction IV). (C) 
Inhibition of membrane-associated steps of cell-wall biosynthesis by plectasin. 
In all tests, plectasin was added in molar ratios of 0.1 to 1 with respect to the 
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2 2 
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1:2 
0:1 


wi 


amount of the appropriate lipid substrate C.;P, Lipid I, or Lipid Il used in the 
individual test system. The amount of reaction products synthesized in the 
absence of plectasin was taken as 100%. Product analysis was done by means 
of TLC and subsequent scintillation counting of stained and excised product- 
containing bands; radiolabeling was based on [?H]-labeled Cs<P (for Lipid 1), 
[**C]-GlcNAc for Lipid II, and ["*C]-glycine for Lipid II-Gly1. Error bars rep- 
resent SD, and the experiments were repeated at least three times. Technical 
details on the assays and the cloning and purification of the enzymes are given 
in (3). (D) Estimation of the stoichiometry of plectasin:Lipid II binding. Lipid II 
was incubated in the presence of plectasin at the molar concentration ratios 
indicated. The stable complex of plectasin with the Lipid Il remains at the 
application spot, whereas both components migrate to the sites indicated. At a 
molar ratio of 1:1, neither free Lipid II nor free plectasin were observed. 
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by plectasin, we found the MurG, FemX, and 
PBP2 reactions to be inhibited in a dose-dependent 
fashion (Fig. 2C). For these three enzymes, Lipid 
I (MurG) or Lipid Il (FemX and PBP2) are sub- 
strates, and significant inhibition of the reactions 
was only observed when plectasin was added in 
equimolar concentrations with respect to Lipid I 
or Lipid II (Fig. 2C). Thus, plectasin—similarly 
to glycopeptide antibiotics [such as vancomycin 
(12, 13)] and lantibiotics (4, 15)—may form a 
stoichiometric complex with the substrate rather 
than inhibiting the enzyme. To further validate 
this, we incubated either Lipid I or II with plec- 
tasin in various molar ratios and used thin-layer 
chromatography (TLC) to analyze the migration 
behavior. Free Lipid I and II as well as free pep- 
tide were found to migrate to defined positions in 
the chromatogram, whereas the Lipid I/l-plectasin 
complex remained at the start point (Fig. 2D). 
Free Lipid I/I and free peptide were not de- 
tectable only at an equimolar ratio, indicating the 
formation of a 1:1 stoichiometric complex. 

We further analyzed the interaction of both 
Lipid I and II with plectasin using a liposome 
system with membranes composed of phos- 
phatidylcholine and Lipid II [0.2 or 0.5 mole 
percent (mol %)] and '4C-labeled plectasin. We 
found the maximum number of plectasin mole- 
cules that bound to liposomes to approximately 
match the number of Lipid II molecules available 
on the liposome surface (fig. S4). Using Scatchard 
plot analysis, we determined an equilibrium-binding 
constant of 1.8 x 10°” mol for Lipid I and 1.1 x 
10 ° mol for Lipid I, suggesting that the second 
sugar in Lipid II, the N-acetyl glucosamine, con- 
tributes to the stability of the complex. 

To gain further insight into the structural 
nature of the plectasin/Lipid II interaction at the 
membrane interface, we measured chemical shift 
changes for '*N-labeled plectasin. Heteronuclear 
single-quantum coherence (HSQC) nuclear mag- 
netic resonance (NMR) spectra were measured either 
in solution or on binding membrane-mimicking 
dodecylphosphocholine (DPC) micelles (figs. S5 
and S6). Fitting the binding data to a Langmuir 
isotherm yielded a free enthalpy of binding AG = 


Fig. 3. NMR-based 
model of the plectasin/ 
Lipid II-complex. (A) Sur- 
face representation of 
plectasin with the resi- 
dues showing substantial 
chemical shift perturbations 
upon binding to DPC 
micelles, which are indi- 
cated in yellow. (B) Sur- 
face representation of 
plectasin with the residues 
showing substantial 
chemical shift perturba- 
tions upon Lipid II titra- 
tion, which is shown in 


-27 + 1 kJ/mol (fig. S7). Backbone HN and N 
atoms of 10 residues [G6, W8, D9, A31, K32, 
G33, G34, F35, V36, and C37 (/6)], which in 
the tertiary structure all locate to one end of 
plectasin, exhibited marked changes in chemical 
shifts [A645 > 0.15 parts per million (ppm)] (Fig. 
3A, residues labeled yellow), suggesting an ori- 
entation in which one end of plectasin specif- 
ically is located in the membrane interface. 

To identify the residues on plectasin that bind 
Lipid II, we then titrated plectasin bound to DPC 
with Lipid Il. With increasing concentrations of 
Lipid II, another set of NMR signals appeared 
and became stronger, whereas the NMR signals 
of apo-plectasin bound to DPC micelles became 
weaker until they disappeared at equimolar con- 
centrations of plectasin and Lipid II, supporting 
the 1:1 binding stoichiometry found by means of 
TLC. Addition of extra plectasin to the mixture 
brought the signals of apo-plectasin forward again, 
and further addition of Lipid II to equimolarity 
led to the disappearance of the signals again. From 
a three-dimensional (3D)-HNCA spectrum, we 
could assign backbone HN, N, and C® signals of 
the plectasin:Lipid I:DPC complex. The strongest 
changes in chemical shift (A6,,; > 0.22 ppm) were 
obtained for amino acids F2, C4, D12, Y29, A31, 
G33, C37, and K38 (figs. S5 and S6). Most of 
these residues localize in a coherent patch in close 
proximity to the residues affected by binding to 
DPC (Fig. 3B, residues labeled magenta). A31, 
G33, and C37 exert chemical shift-changes both 
upon addition of DPC and Lipid II. To further 
verify this, site-saturated mutagenesis (in which a 
given amino acid is changed to each of the other 
19 natural amino acids) was carried out at all 
positions in plectasin except the six cysteines. 
The mutant libraries were expressed in S. cerevisiae, 
and 400 to 600 transformants of each position 
tested for activity against S. aureus in a plate over- 
lay assay. No amino acid substitutions at posi- 
tions D12, Y29, or G33 resulted in activity against 
S. aureus, whereas only the very conservative 
mutations of A31 to G and K38 to R resulted in 
activity against S. aureus. At other amino acid 
positions not involved in DPC or Lipid II binding, 
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a wide range of non-homologous amino acid sub- 
stitutions gave rise to plectasin variants retaining 
antimicrobial activity. 

To visualize the complex between Lipid II 
and plectasin, docking studies using the GOLD 
and HADDOCK programs were performed 
(17, 18). In accordance with the NMR data, evi- 
dence in favor ofa primary binding site involving 
the interaction of the pyrophosphate moiety of 
Lipid II with the amide protons F2, G3, C4, and 
C37 of plectasin via hydrogen bonding was ob- 
tained (Fig. 3C). Several of the other large chem- 
ical shift changes are present in residues involved 
in secondary structure interactions (such as the 
formation of beta-sheets), which most likely undergo 
structural changes upon binding to the target. Taken 
together, these data strongly support a model in 
which plectasin gains affinity and specificity through 
binding to the solvent-exposed part of Lipid II, 
whereas the hydrophobic part of plectasin is lo- 
cated in the membrane interface. Thus, plectasin 
shares functional features with the lantibiotic nisin 
in that for both peptides the pyrophosphate moiety 
is most relevant for binding of Lipid IL, although 
nisin inserts deeply into the membrane bilayer, 
forming pores and causing major delocalization 
of Lipid II (79, 20). 

To test whether inhibition of cell-wall bio- 
synthesis is restricted to plectasin or represents a 
general feature, we tested a series of defensin 
peptides from other fungi, mollusks, and arthro- 
pods for Lipid II binding and inhibition of the 
overall Lipid II synthesis and FemX reaction (fig. 
S8A). Two fungal defensins, oryzeasin (from 
Aspergillus oryzea) and eurocin (from Eurotium 
amstelodami), did inhibit the enzymatic reactions 
and bind to Lipid II in stoichiometric numbers, as 
did the two defensins from invertebrates, lucifen- 
sin from maggots of the blowfly Lucilia sericata 
and gallicin from the mussel Mytilus gallopro- 
vinciali (fig. S8, B to D). In contrast, heliomicin 
from the tobacco budworm Heliothis virescens, 
which shares the conserved cysteine pattern, did 
not show affinity for Lipid II and had no activity 
in these assays. These data clearly demonstrate that 
among the host defense peptides of eukaryotic 


magenta. (C) Detailed view of the pyrophosphate-binding pocket. In this proposed HADDOCK-generated model, the pyrophosphate moiety forms hydrogen 
bonds to F2, G3, C4, and C27, and the p-y-glutamate of Lipid II forms a salt bridge with the N terminus of plectasin and the side-chain of His18. 
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organisms, specific inhibitors of cell-wall bio- 
synthesis can be found that directly target Lipid 
Il, “the bacterial Achilles’ heel” for antibiotic 
attack (2/). 

Vancomycin, one of the very few remaining 
drugs for the treatment of multi-resistant Gram- 
positive infections, has been shown to predominantly 
bind the D-alanyl-D-alanine (D-ala-D-ala) part of 
the pentapeptide in Lipid II (Fig. 2A) (12). How- 
ever, high-level vancomycin resistance has been ob- 
served in both enterococci (VRE) and staphylococci 
(VRSA). There is no cross-resistance between 
vancomycin and plectasin, and in contrast to 
vancomycin, plectasin is not competitively in- 
hibited by the presence of the D-ala-D-ala ligand 
(fig. S9). This further demonstrates that the primary 
interactions to Lipid II differ between plectasin and 
vancomycin, and taken together, these results sug- 
gest that future development of true cross-resistance 
between vancomycin and plectasin is unlikely. 

Plectasin and its improved derivatives such as 
NZ2114 possess a range of features—such as 
potent activity in vitro under physiological con- 
ditions and in animal models of infection, low 
potential for unwanted toxicities, extended serum 
stability and in vivo half-life, and cost-effective 
large-scale manufacturing—which combined with 
a validated microbial target make it a promising 
lead for further drug development. 
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mTORC1-Mediated Cell Proliferation, 
But Not Cell Growth, Controlled 


by the 4E-BPs 


Ryan J. O. Dowling,**t Ivan Topisirovic,"* Tommy Alain,” Michael Bidinosti,” Bruno D. Fonseca,” 
Emmanuel Petroulakis,* Xiaoshan Wang,* Ola Larsson,* Anand Selvaraj,” Yi Liu,? Sara C. Kozma,” 


George Thomas,” Nahum Sonenberg?+ 


The mammalian target of rapamycin complex 1 (mTORC1) integrates mitogen and nutrient signals to 
control cell proliferation and cell size. Hence, mTORC1 is implicated in a large number of human 
diseases—including diabetes, obesity, heart disease, and cancer—that are characterized by aberrant cell 
growth and proliferation. Although eukaryotic translation initiation factor 4E—binding proteins (4E-BPs) 
are critical mediators of mTORC1 function, their precise contribution to mTORC1 signaling and the 
mechanisms by which they mediate mTORC1 function have remained unclear. We inhibited the mTORC1 
pathway in cells lacking 4E-BPs and analyzed the effects on cell size, cell proliferation, and cell cycle 
progression. Although the 4E-BPs had no effect on cell size, they inhibited cell proliferation by selectively 
inhibiting the translation of messenger RNAs that encode proliferation-promoting proteins and proteins 
involved in cell cycle progression. Thus, control of cell size and cell cycle progression appear to be 
independent in mammalian cells, whereas in lower eukaryotes, 4E-BPs influence both cell growth and 


proliferation. 


he mammalian target of rapamycin com- 

| plex 1 (mTORC1) controls growth (in- 
crease in cell mass) and proliferation 
(increase in cell number) by modulating mRNA 
translation through phosphorylation of the eu- 
karyotic translation initiation factor 4E (eIF4E)-— 
binding proteins (4E-BP1, 2, and 3) and the 
ribosomal protein S6 kinases (S6K1 and 2) (/, 2). 
4E-BPs regulate the translation of a subset of 


mRNAs by competing with elF4G for binding to 
elF4E, thus preventing the assembly of the eIF4F 
complex, whereas the S6Ks control the phos- 
phorylation status of a number of translational 
components (/—3). Rapamycin has been an im- 
portant tool in understanding mTORC1 signaling; 
however, it inefficiently and transiently inhibits 
4E-BP phosphorylation (4) (fig. SIA). Moreover, 
we found that rapamycin inhibited proliferation 


and G;,/S cell cycle progression of wild-type and 
4E-BP double-knockout (DKO) mouse embryon- 
ic fibroblasts (MEFs) to the same extent, which 
suggests that its effects are not mediated by 4E-BPs 
(fig. S1, B to D). To directly address the role of 
4E-BPs in mTORCI signaling, we depleted rap- 
tor, a component of mTORC1 required for sub- 
strate binding (5), in these MEFs. 4E-BP DKO 
MEFs lack all three 4E-BPs, as they do not express 
4E-BP3 (fig. S2A). Depletion of raptor diminished 
the phosphorylation of 4E-BP1 at all mTOR- 
sensitive sites in wild-type MEFs, and inhibited 
mTORCI signaling to the same extent in wild- 
type and 4E-BP DKO MEFs, as illustrated by 
reduced phosphorylation of S6Ks and its sub- 
strates (ribosomal protein S6 and eIF4B) and 
increased abundance of programmed cell death 
protein 4 (PDCD4) (Fig. 1A). Wild-type MEFs 
in which raptor was depleted proliferated more 
slowly than control cells, whereas raptor-depleted 
4E-BP DKO MEFs proliferated at a rate in- 
distinguishable from that of control cells (Fig. 1B). 
Similarly, in human embryonic kidney (HEK) 
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293T cells, raptor silencing had a pronounced 
effect on mTORC1 signaling and proliferation 
(Fig. 1, C and D). The effect of raptor silencing 
on proliferation, but not mTOR signaling, was 
attenuated by co-depletion of 4E-BPs (Fig. 1D). 
Thus, mTORC1-dependent proliferation requires 
4E-BPs. 

To further assess the role of 4E-BPs in mTORC1- 
mediated cell proliferation, we depleted mTOR 
or rictor (an mTORC2-specific component) in 


HEK 293T cells. Depletion of mTOR resulted in 
decreased signaling through both mTORC1 and 
mTORC2, as measured by S6 Ser™“°/Ser** or 
Akt Ser” phosphorylation (fig. S2B). In con- 
trast, depletion of rictor abolished only mTORC2- 
mediated phosphorylation of Akt, which was 
augmented by the depletion of raptor (fig. S2B), 
consistent with the loss of the negative feedback 
loop from S6Ks to Akt (6). Depletion of mTOR, 
raptor, or rictor inhibited cell proliferation rela- 
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tive to control cells (fig. S2C). However, in the 
case of raptor or mTOR depletion, co-depletion 
of 4E-BPs totally or partially restored prolifera- 
tion, respectively, whereas their depletion had 
no effect on the inhibition caused by rictor 
knockdown (fig. S2C). Thus, 4E-BPs mediate 
the effect of mTORC1, but not mTORC2, on 
proliferation. 

mTORCI is differentially activated by dis- 
tinct stimuli, including serum growth factors and 
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Fig. 3. 4E-BPs mediate the effects of 
mTORC1 signaling on cell cycle, but not on 
cell size. (A to C) Cell cycle distributions for 
WT and 4E-BP DKO MEFs infected with a 
control or raptor-specific (sh-raptor) shRNA 
(A), maintained in 10% or 0.5% FBS for 48 
hours (B), or treated with 2.5 uM PP242, 250 
nM Torin1, or vehicle (DMSO) for 24 hours (C) 
were monitored by flow cytometry. N indi- 
cates DNA content. (D to F) Cell size 
distributions for WT and 4E-BP DKO MEFs 
infected with a scrambled control or raptor- 
specific (sh-raptor) shRNA (D), maintained in 
10% or 0.5% FBS (E), or treated as in (C) 
with the indicated compounds (F). The size of 
G, cells was determined by measuring 
electronic volume (EV) with flow cytometry; 
numbers represent mean EV values. 


Cell number 


amino acids (7). In low (0.5%) serum, or in the 
absence of amino acids, mTORC1 activity was 
blunted, as measured by decreased 4E-BP1 and 
S6 phosphorylation (Fig. 2A and fig. S2D). In 
10% serum or in the presence of amino acids, 
wild-type and 4E-BP DKO MEFs proliferated at 
the same rate, whereas in low serum or in the 
absence of amino acids, 4E-BP DKO MEFs 
proliferated at a faster rate than wild-type MEFs 
(Fig. 2B and fig. S2E). These effects were spe- 
cific, as reexpression of 4E-BP1 slowed prolifer- 
ation of 4E-BP DKO MEFs exposed to low 
serum (Fig. 2, C and D). Thus, distinct stimuli 
mediate proliferative responses largely through 
4E-BPs. 

Unlike rapamycin, active-site mTOR inhib- 
itors (asTORi; e.g., PP242 and Torin!) suppress 
rapamycin-resistant phosphorylation of 4E-BPs 
(8-10) (fig. SIA and fig. S3, A and B). The 
antiproliferative effects of asTORi on wild-type 
MEFs were partially attenuated in 4E-BP DKO 
MEFs (fig. S3, C and D), most likely due the 
inhibition of both mTORC1 and mTORC2 (fig. 
S2C). The specificity of the inhibitory effects of 
asTORi is demonstrated by the finding that the 
proliferation of 4E-BP DKO MEFs, in which 
4E-BP1 was reexpressed, was more strongly 
inhibited than in the 4E-BP DKO MEFs infected 
with a control virus (fig. S3E). In contrast to 
asTORi, U0126, a mitogen-activated protein 
kinase kinase (MAPKK) inhibitor (//), sup- 
pressed the proliferation of both MEFs to the 
same extent, whereas the combination of Torin] 
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and U0126 had an additive inhibitory effect 
(fig. S3F). Thus, the effects of asTORi appear 
to be specific for mTOR and are largely mediated 
by 4E-BPs. Depletion of 4E-BPs also conferred 
resistance of U937 (human promonocytic cell 
line) and Jurkat cells (human T cell leukemia cell 
line) to the antiproliferative effects of asTORi 
(fig. S3G). 

Next, we investigated whether the inhibi- 
tion of proliferation by 4E-BPs is associated 
with the attenuation of cell cycle progression, 
cell survival, or cell growth. Depletion of raptor 
by short hairpin RNA (shRNA) impaired G, to 
S phase progression of wild-type MEFs but had 
little effect on 4E-BP DKO MEFs (Fig. 3A). 
Likewise, the inhibition of wild-type cell cycle 
progression by serum deprivation or treatment 
with asTORi was largely unaffected in 4E-BP 
DKO MEFs (Fig. 3, B and C). Under all these 
conditions, there were no apparent differences 
in survival of wild-type and 4E-BP DKO MEFs 
(fig. S4, A to C). Depletion of raptor, serum dep- 
rivation, or addition of asTORi decreased cell 
size in wild-type and 4E-BP DKO MEFs to a 
similar extent (Fig. 3, D to F). Thus, mTORC1- 
mediated inhibition of 4E-BPs affects prolifera- 
tion through the modulation of the cell cycle, 
rather than cell survival or cell size; this suggests 
that in mammalian cells, the regulation of cell 
size and proliferation can be uncoupled. 

S6Ks play a key role in the control of cell size 
(12), and S6K DKO MEFs are smaller than their 
wild-type counterparts (fig. SSA). asTORi- 
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induced reduction in cell size was abrogated in 
S6K DKO MEFs (fig. SSA). Reexpression of S6K1 
and 2 (fig. SSG) or ofa constitutively active mutant, 
S6K1™ (fig. S5H), completely restored cell size 
(fig. S5, A to C). asTORi decreased the size of 
S6K1/2-rescued MEFs as compared to S6K1/2 
DKO MEFs (fig. SSB), whereas the drugs failed 
to reduce the size of cells expressing asTORI- 
insensitive S6K1° (fig. S5, C and I). Thus, the 
inhibitory effects of asTORi on cell size appear 
to be mediated by the S6Ks. In contrast to cell 
size, aSTORi induced accumulation of G;-phase 
cells irrespective of their S6K status (fig. S5, D 
to F). Although 4E-BP DKO MEFs exhibited 
increased S6K activity (13) (Fig. 1A), these data 
indicate that the proliferative response is inde- 
pendent of S6Ks. Accordingly, the depletion 
of 4E-BPs rendered both wild-type and S6K 
DKO MEFs equally resistant to the antipro- 
liferative effects of asTORi (fig. S6, A and B), 
demonstrating that 4E-BPs control proliferation 
downstream of nTORC1 independent of S6Ks. 
asTORi inhibition of cell size, cell proliferation, 
and cell cycle progression were all ameliorated in 
S6K1/4E-BP1/2 triple-knockout (TKO) MEFs 
(fig. S6C). 

mTOR promotes cell proliferation through 
enhanced translation of a subset of mRNAs referred 
to as “elF4E-sensitive” (2). Thus, the resistance 
of 4E-BP DKO cells to asTORi may be due to 
their inability to suppress the formation of eIF4F 
complexes, which is required for the translation 
of mRNAs needed for cell proliferation. We 
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Fig. 4. asTORi inhibit translation of mRNAs 
encoding proliferation-promoting proteins via 
4E-BPs. (A) WT and 4E-BP DKO MEFs treated for 
24 hours with 2.5 uM PP242, 250 nM Torin1, or 
vehicle (DMSO) were subjected to m’GDP pull- 
down. Amounts of the indicated proteins in the 
input (10%) or pull-down (25%) were determined 
by Western blotting; B-actin served as a loading 
control (input) and to exclude contamination 
(m’GDP pull-down). (B) Absorption profiles of 
ribosomes from WT and 4E-BP DKO cells treated 
for 24 hours with 250 nM Torin1 or vehicle 
(DMSO). 40S and 60S denote the corresponding 
ribosomal subunits; 805, monosome. (C) RNA was 
visualized by ethidium bromide (EtBr). Distribution 
of cyclin D3, VEGF, ODC, B-actin, and GAPDH 
mRNAs was determined by semiquantitative 
reverse transcription polymerase chain reaction 
(sqRT-PCR). The RT-PCR reactions were in the 
linear range (fig. S71). (D) WT and 4E-BP DKO 
MEFs were treated as in (A), and the amount of the 
indicated proteins was determined by Western 
blotting. B-actin served as a loading control. 


treated wild-type and 4E-BP DKO MEFs with 
asTORi and assessed eIF4F complex formation. 
Equal amounts of eIF4E were associated with N7 
methyl-guanosine diphosphate (m’GDP) in the 
absence or presence of asTORi (Fig. 4A). 
asTORi impaired eIF4F complex formation in 
4E-BP wild-type MEFs, as judged by the 
increase in 4E-BP1 binding to m’GDP and the 
corresponding decrease in eIF4G binding, but 
not in 4E-BP DKO MEFs (Fig. 4A); this 
finding demonstrated that the inhibition of elF4F 
assembly by asTORi is largely mediated by 
4E-BPs. Torin! impaired translation to a greater 
extent in wild-type than in 4E-BP DKO MEFs, 
as illustrated by an increase of 40S and 60S 
ribosomal subunits and a decrease in polysomes 
(Fig. 4B), and strongly reduced polysome loading 
of elF4E-sensitive ornithine decarboxylase (ODC), 
cyclin D3, and vascular endothelial growth factor 
(VEGF) mRNAs (/4, /5) in wild-type MEFs, but 
only slightly in 4E-BP DKO MEFs (Fig. 4C). 
Torin] had no effect on transcription or mRNA 
export, as judged by the unaltered cytoplasmic 
levels of cyclin D3, VEGF, and ODC mRNAs 
(fig. S7A), and it specifically inhibited ribo- 
some recruitment of eIF4E-sensitive mRNAs, 
as it had no impact on the polysome loading of 
eIF4E-insensitive B-actin and glyceraldehyde 
3-phosphate dehydrogenase (GAPDH) mRNAs 
(Fig. 4C). The amounts of cyclin D3, VEGF, and 
ODC proteins were reduced to a greater extent 
by asTORi in wild-type than in 4E-BP DKO 
MEFs, whereas asTORi had no effect on elF4E- 
insensitive S6, eIF4E, and B-actin proteins (Fig. 
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4D). Thus, in the absence of 4E-BPs, asTORi 
failed to suppress the translation of elF4E- 
sensitive mRNAs required for cell proliferation. 

To ascertain whether asTORi’s inhibition of 
translation of eI[F4E-sensitive mRNAs is depen- 
dent on the 4E-BP phosphorylation status, we 
expressed wild-type, 4Ala, or A4EBS 4E-BP1 
(16, 17) in 4E-BP DKO MEFs. 4Ala 4E-BP1 has 
all its mTORC1-sensitive phosphorylation sites 
mutated to alanines, and it constitutively binds to 
eIF4E (/8). A4EBS 4E-BP1 does not bind to 
elF4E but is phosphorylated by mTORC1, albeit 
to a lesser extent than wild-type 4E-BP1 (/8, /9) 
(fig. S7B). Expression of 4Ala 4E-BP1 impaired 
eIF4F complex formation (fig. S7C); decreased 
abundance of ODC, cyclin D3, and VEGF (fig. 
S7B); slowed proliferation rates (fig. S7D); and 
reduced Gj,/S progression (fig. S7E). Although 
Torin! completely inhibited phosphorylation of 
wild-type 4E-BP1 and A4EBS 4E-BP1, only cells 
expressing wild-type 4E-BP1 exhibited decreased 
elF4F complex assembly (fig. S7C); lower abun- 
dance of ODC, cyclin D3, and VEGF (fig. S7B); 
reduced proliferation rates (fig. S7D); and slower 
cell cycle progression (fig. S7E). Torin! inhibited 
mTORCI signaling equally in all cell lines (fig. 
S7B). Expression of wild-type and 4E-BP1 mutants 
had no major effect on cell size or the ability of 
Torin! to reduce it (fig. S7F). 

Finally, it is known that mTOR signaling is 
frequently dysregulated in cancer (20, 2/) and 
that 4E-BPs can act as tumor suppressors (22, 23). 
Consistent with these observations, asTORi re- 
duced the number and size of colonies formed by 
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E1A- and Ras-transformed wild-type MEFs, a 
response that was strongly attenuated in 4E-BP 
DKO MEFs (fig. S7, G and H). These data support 
the argument that the antitumorigenic effects of 
asTORi are in part dependent on the binding of 
nonphosphorylated 4E-BPs to e[F4E and suggest 
that malignant cells may progress through the cell 
cycle independently of a cell size checkpoint by 
inactivating 4E-BPs. 

In Drosophila, dS6K and d4E-BP have 
overlapping roles, in which both proteins influ- 
ence cell growth and proliferation (24, 25). Our 
results indicate that 4E-BPs mediate mTORC1 
effects to promote cell proliferation, but not 
growth, in mammalian cells, bolstering the 
theory that mammals evolved separate mecha- 
nisms to regulate cell proliferation and growth 


(12, 26). 
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Fairness and the Development of 
Inequality Acceptance 


Ingvild Almas,”**+ Alexander W. Cappelen,** Erik @. Sorensen,”2* Bertil Tungodden?’>* 


Fairness considerations fundamentally affect human behavior, but our understanding of the nature 
and development of people’s fairness preferences is limited. The dictator game has been the 
standard experimental design for studying fairness preferences, but it only captures a situation 
where there is broad agreement that fairness requires equality. In real life, people often disagree 
on what is fair because they disagree on whether individual achievements, luck, and efficiency 
considerations of what maximizes total benefits can justify inequalities. We modified the dictator 
game to capture these features and studied how inequality acceptance develops in adolescence. 
We found that as children enter adolescence, they increasingly view inequalities reflecting 
differences in individual achievements, but not luck, as fair, whereas efficiency considerations 


mainly play a role in late adolescence. 


motivated by fairness considerations and are 

willing to sacrifice personal gains in order to 
eliminate inequalities they view as unfair (/, 2). 
It is also evident from the political debate, surveys 
(3, 4), and economic experiments (5—7) that most 
adults view some inequalities as fair. In particular, 
most adults believe that differences in individual 
achievements (5—8) and efficiency considerations 
of what maximizes total benefits (9—//) may justify 


I is well documented that adult humans are 


an unequal distribution of income, but they 
disagree on whether inequalities reflecting luck 
are fair (7, 12). 

To illustrate how efficiency and individual 
achievements may justify an unequal distribution 
of resources, consider two children, Anne and 
Carla, who discuss how to divide a cake. Anne 
appeals to efficiency when she argues that total 
benefits are maximized by giving her the largest 
share because she enjoys cake the most. Carla 


appeals to individual achievements when she ar- 
gues that she should have the largest share be- 
cause her contribution to making the cake was 
the largest. The legitimacy of these, and other, 
fairness considerations has been extensively 
discussed in the philosophical literature (/3—/5), 
and such considerations are important for how 
people make decisions in a wide range of situa- 
tions (/6). For example, in the workplace, some 
may find it fair that a more productive colleague 
has a higher wage, and, in allocating public funds, 
some may find it fair to pay some attention to 
which projects produce the greatest total benefits 
for the population. 

Disagreements over questions of fair distri- 
bution are fundamental in human life, and to get 
a better understanding of the sources of such dis- 
agreements, it is important to study how fairness 
views develop in childhood (/7). The develop- 
ment of children’s fairness views has been ex- 
tensively studied in the psychological literature 
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Table 1. Descriptive statistics (means + SEM). Mean share given was calculated as the recipient's share of total income for the pair. 


Males in grade level (n) 


Females in grade level (n) 


Share given and multiplier 5th 7th 9th 11th 13th 5th 7th 9th 11th 13th 
(58) (51) (51) (36) (35) (46) (56) (42) (61) (50) 

(A) Share given in first part of experiment 

Share given 0.422 0.449 0.466 0.435 0.448 0.443 0.467 0.457 0.435 0.481 
+0.020 +0.017  +0.013 +0.027 +0.028 +0.022 +0.016 +0.014 +0.016 +0.018 

(B) Share given in second part of experiment 

Share given (multiplier = 1) 0.371 0.382 0.443 0.282 0.366 0.438 0.402 0.455 0.372 0.423 
+0.031 +0.028 +0.021 +0.040 +0.038 +0.028 +0.025 +0.018 +0.024 +0.029 

Share given (multiplier = 2) 0.400 0.418 0.500 0.429 0.470 0.397 0.425 0.472 0.396 0.442 
+0.035 +0.030 +0.019 +0.043 +0.033 +0.030 +0.024 +0.017 +0.025 +0.037 

Share given (multiplier = 3) 0.418 0.430 0.510 0.495 0.496 0.418 0.426 0.482 0.396 0.491 
+0.037  +0.031 +0.022 +0.046 +0.047  +0.031 +0.025 +0.023 +0.032 +0.035 

Share given (multiplier = 4) 0.408 0.435 0.562 0.507 0.536 0.451 0.415 0.483 0.413 0.501 
+0.037 +0.034 +0.022 +0.049 +0.046 +0.033 +0.025 +0.023 +0.032 +0.035 
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(18-23) and also, more recently, in the econom- 
ic literature (24-28). It has been shown that, 
with age, young children tend to become less 
selfish in their reasoning (8, 19, 21, 23) and 
choices (20, 24, 25, 28), whereas the evidence for 
adolescents is more mixed (23, 25-27, 29). Fur- 
thermore, with age, children tend to move from a 
strict egalitarian view toward fairness views taking 
into account individual contributions and circum- 
stances (17-21, 30). 

There has, however, been little research on the 
development of two important features of adults’ 
distributive behavior, namely that they distinguish 
between achievements and luck (7, /2) and take 
efficiency considerations into account (9-1/). To 
study the development of these features, we 
conducted a computer-based experiment with 
children in Sth grade to 13th grade (3/), where 
we used two versions of the dictator game. In the 
dictator game, the dictator is assigned an amount 
of money to distribute between him or herself and 
another person, and the total income of the two 
participants is unaffected by how the money is 
distributed. In such a situation, there is no apparent 
fairness argument justifying an unequal division of 
the money. In the first part of the experiment, we 
modified this design by introducing a production 


Fig. 1. (A) The coefficient for 
the share produced by the 
other participant in a regres- 
sion of share given on share 
produced. (B) The coefficient 
for the multiplier in a regres- 
sion of share given on the mul- 
tiplier. All regressions control 
for personal fixed effects (32). 
Confidence intervals (95%) are 
indicated. 
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phase, such that the money to be distributed was 
eared and depended on individual achievements 
and luck. In the second part of the experiment, the 
dictator was given a number of points to distribute, 
and the distribution of points determined the in- 
come for each of the two participants. To introduce 
efficiency considerations, we made the points 
most valuable for the other participant, so that 
the dictator could maximize the total income of the 
two by giving away all the points. 

The framework for our analysis assumes that 
children make a trade-off between two motives in 
their distributive choices, self-interest and fairness, 
and that they may differ both in their level of self- 
interest and in what they consider fair. By observing 
how the children chose in a series of different 
situations, where different fairness views to a 
varying degree justified giving money to the other 
participant, we established the importance of each 
of the fairness views at the different grade levels. 

Before they started the first part of the ex- 
periment, the participants were given complete 
information about both the production phase and 
the distribution phase. The production phase 
lasted 45 min, and the participants could move 
between two Web sites. At a production site, the 
participants could collect points by ticking off 
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Table 2. Estimates of the choice model (estimate + SE). The complete set of estimates is in table S3. 


Grade level 


5th 7th 9th 11th 13th All 
Share of egalitarians 0.636 0.401 0.272 0.267 0.224 0.365 
+0.060 +0.059 +0.057 +0.056 +0.056 +0.027 
Share of meritocrats 0.054 0.220 0.363 0.396 0.428 0.287 
+0.037 +0.054 +0.063 +0.069 +0.075 +0.028 
Share of libertarians 0.310 0.379 0.364 0.337 0.347 0.348 
+0.057 +0.055 +0.061 +0.059 +0.069 +0.026 
Log likelihood —827.4 —881.4 —797.6 —865.0 -790.3 —4219.7 
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every appearance of a particular number on a 
sequence of screens filled with different three- 
digit numbers. At an entertainment site, the 
participants could view short videos or pictures, 
read cartoons, or play computer games. The 
participants decided how much time they wanted 
to spend on each of the two sites. Most partic- 
ipants worked all the time on the production site 
(average time, 42 min), but this design made sa- 
lient that production was the result of individual 
ability and choice of effort. After the production 
phase, the computer calculated how many points 
each participant had collected. The participants 
were then randomly assigned either a high price 
per point of 0.40 NOK (U.S. ~$0.08) or a low price 
per point of 0.20 NOK. This design introduced a 
distinction between two sources of inequality in 
earnings: production, reflecting individual achieve- 
ments, and earnings, partly reflecting luck in the 
random draw of prices. 

In the distribution phase, the participants were 
randomly matched in a sequence of pairs with 
participants at the same grade level. For each 
pair, the participants were given information 
about the time spent on the production site, the 
number of points collected, the price, and the 
earnings, and were then asked to choose how 
much of the total income (the sum of individual 
earnings for the pair) to take for themselves. 
Because average production increased with age, 
the average income to be distributed in each pair 
also increased with age (table S4). 

The mean share given to the other participant 
in the first part of the experiment was very high, 
close to 45% for the whole sample, and there was 
no statistically significant difference in mean share 
given between Sth grade and 13th grade [(Table 
1A), ¢ test, unequal variance, P = 0.460 (males) 
and P = 0.179 (females)]. Hence, we did not find 
any evidence of a change in selfishness from 
mid-childhood to late adolescence (3/). More- 
over, we did not find any statistically significant 
differences in self-interest between males and 
females [(Table 1A), ¢ test, unequal variance, P= 
0.481 (Sth grade), P = 0.438 (7th grade), P = 
0.621 (9th grade), P = 0.996 (11th grade), and 
P= 0.330 (13th grade)]. 

We did, however, observe an increase with age 
in the acceptance of inequalities reflecting differ- 
ences in production. The coefficient for share 
produced by the other participant, in a regression 
of share given, showed that older participants were 
much more likely to differentiate on the basis of 
individual achievements (Fig. 1A). The sharpest 
increase in the coefficient occurred from Sth grade 
to 7th grade, but there was also a further increase 
from 7th grade to 13th grade. There was a 
statistically significant difference between Sth 
grade and all other grades in the coefficient for 
share produced [multiple Wald tests of equality 
with Bonferroni adjustments, P = 0.001 (7th 
grade), P = 0.001 (9th grade), P = 0.025 (11th 
grade), and P < 0.001 (13th grade)], and between 
7th grade and 13th grade (Wald test, P = 0.034). 
We observed the same developmental pattern for 
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both males and females; there were no statistically 
significant gender differences in the coefficient for 
share produced [Wald test, P = 0.980 (Sth grade), 
P=0.949 (7th grade), P = 0.534 (9th grade), P= 
0.571 (11th grade), and P = 0.214 (13th grade)]. 
The coefficient for the relative price was also 
statistically significantly different from zero, but 
stable across grade levels and gender (3/). 

To further study the importance of production 
and price in explaining the observed behavior, we 
estimated a model of individual choices that 
captured the basic assumptions of our theoretical 
framework and allowed for some randomness 
in the participants’ choices (3/). Specifically, for 
each grade level, we estimated a distribution of 
the weight attached to fairness and the share of 
participants motivated by different fairness views. 
Informed by normative theory and our own pre- 
vious work (7, 12), we assumed that there were 
three salient fairness views in this situation: strict 
egalitarianism (/3), finding all inequalities unfair; 
meritocratism (32), justifying inequalities reflect- 
ing differences in production; and libertarianism 
(14), justifying all inequalities in earnings. 

We found striking differences in the preva- 
lence of fairness views between the grade levels 
(Table 2). The large majority of 5th graders 
were strict egalitarians, and, remarkably, there 
were almost no meritocrats at this grade level. In 
contrast, meritocratism was the dominant posi- 
tion in late adolescence, and the share of strict 
egalitarians fell dramatically. The share of liber- 
tarians was stable across grade levels. In sum, 
this analysis showed that, with age, individual 
achievements, measured by production, became 
increasingly important in children’s fairness con- 
siderations, whereas there was no similar devel- 
opment in the importance of luck, measured by 
price. 

The estimated choice model also confirmed 
our finding of no change in selfishness from mid- 
childhood to late adolescence; the estimated me- 
dian weight attached to self-interest was stable 
across grade levels (table $3). Overall, the esti- 
mated model fit the data well for all grade levels 
(fig. S1). 

In the second part of the experiment, we 
studied inequality acceptance in situations involy- 
ing efficiency considerations. The participants 
were given the task of distributing a number of 
points, where total benefits (in terms of income) 
would be maximized by giving all the points to the 
other participant. Specifically, the participants 
were informed that they would receive 1 NOK 
for each point kept for themselves, whereas each 
point given away would earn the other participant 
1 NOK scaled up by a multiplier. Each participant 
made choices in four distributional situations, 
presented in random order, where the multiplier 
was | (the baseline), 2, 3, and 4, respectively (3/). 
Hence, efficiency considerations did not play any 
role in the baseline situation, but were increasingly 
salient in the other three situations. In each 
situation, the participants were randomly paired 
with another participant at the same grade level. 


For comparability, we set the number of points to 
be distributed such that the average income in the 
baseline situation was equal to the session-specific 
average income in the first part of the experiment. 

We observed that Sth graders and 7th graders 
did not assign much importance to efficiency 
considerations; the mean share given was only 
slightly higher when the points transferred were 
scaled up by four than in the baseline situation 
(Table 1B). In contrast, the effect of the multiplier 
was substantial for males in late adolescence and 
also noticeable for females in 13th grade. These 
patterns are reflected in the coefficient for the 
multiplier in a regression of share given (Fig. 
1B). There was a statistically significant increase 
in the coefficient from 5th grade to 13th grade for 
both males and females [Wald test, P = 0.003 
(males) and P = 0.019 (females)], which reflects 
that older participants were more likely to dif- 
ferentiate on the basis of efficiency considera- 
tions. This development, however, took place later 
in adolescence than the differentiation on the basis 
of individual achievements. Moreover, we ob- 
served a statistically significant difference between 
males and females from 9th grade, where ef- 
ficiency considerations played a more important 
role for males than females [Wald test, P = 0.316 
(5th grade), P = 0.152 (7th grade), P = 0.005 (9th 
grade), P < 0.001 (11th grade), and P = 0.060 
(13th grade)]. 

Our analysis showed that children’s level of 
self-interest was stable across adolescence, where- 
as their fairness views changed fundamentally in 
the same period. In particular, we found increased 
importance of the meritocratic fairness view, which 
requires a distinction between different sources of 
inequality. We did not, however, observe a uni- 
form move away from the two less complex fair- 
ness views. Although there was a sharp decrease 
in the importance of the strict egalitarian fairness 
view, the prevalence of the libertarian fairness 
view was stable throughout adolescence. These 
findings shed some light on the role of both 
cognitive maturation and social experiences in 
shaping children’s fairness preferences. The mer- 
itocratic fairness view presupposes the ability to 
distinguish between relevant and irrelevant in- 
formation, a cognitive ability that matures during 
adolescence (33), which may partly explain why 
we observed increased prevalence of this view. 
The strict egalitarian and libertarian fairness views, 
however, are straightforward to implement, and 
thus, the different development for these two fair- 
ness views is hard to explain by cognitive matura- 
tion. This suggests that social experiences also play 
a role in shaping children’s fairness preferences. 
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SMALLCAPACITY INCUBATORS 


NEW PRODUCTS 


a The Midi 40 is a small-capacity carbon dioxide incubator that delivers the reliable 
culturing performance of a full-sized incubator in a convenient, space-saving footprint. — 
The Midi 40 is suitable for researchers who lack space or require separate, undisturbed 
incubation conditions due to the contamination risk associated with shared incubators. 
Additional benefits include reduced energy and gas consumption as well as lower heat 
output. The incubation parameters can be easily managed through the incubator’s 
bright, vacuum fluorescent display and easy-to-navigate membrane keypad. The unit 
features a noncorrosive, stainless steel chamber with 40 liters of culture space, and a 
heated humidity pan to generate relative humidity values of up to 95 percent. 


Thermo Fisher Scientific 
i For info: 508-742-5254 | www.thermo.com/incubators 


PULSELESS LIQUID FLOW 

The Mitos P-pump provides a pulseless liquid flow via a precise 
pressure-driven pumping mechanism. With its excellent response 
time and accuracy, the pressure-driven flow is suitable for microflu- 
idic systems in which stable flow is required for applications such as 
droplet formation. Operating over a wide pressure range of 0-10 bar, 
the pump is suitable for use with systems of high fluidic resistance. 
The design features a lockable pressure chamber for safety, which is 
easily accessible and accommodates a wide range of standard and 
nonstandard fluid vessels. With the ability to contain samples from 
100 ul to 30 ml, the pump uses fluid directly from the container, 
producing no mess or waste. The pump can work with a laboratory 
nitrogen or argon supply, gas bottle, or compressor. 

Dolomite 

For info: +44-1763-242491 | www.dolomite-microfluidics.com 


EXTENDED RANGE PROTEIN STANDARD 

A new addition to the Precision Plus Protein line of protein stan- 
dards, the Precision Plus Protein Dual Xtra standard provides 12 
reference bands, from 2 kD to 250 kD. The new standard allows 
researchers to perform electrophoresis experiments with proteins 
of varying sizes, without the need to use two lanes in a gel to load 
two different markers for measurement of proteins in the high and 
low molecular weight range. The extended range of the new stan- 
dard allows researchers to use just one molecular weight standard, 
whether they need to assess proteins with a wide molecular weight 
range or to focus on the low range only. The new dual standard of- 
fers the same sharp, bright, evenly spaced bands as the rest of the 
Precision Plus Protein family of standards. 

Bio-Rad 

For info: 800-424-6723 | www.bio-rad.com 


OPTICAL OXYGEN SENSOR 

The NeoFox Sport is a portable, handheld optical oxygen sensor for 
measuring dissolved and gaseous oxygen pressure in a variety of 
media. The sensor makes use of a proprietary sol-gel coating that is 
embedded with an oxygen indicator and can be applied to patches or 
probes. Patches are useful for measuring headspace gases and oth- 
er parameters inside packages and containers. Probe options range 


from slender, 300-um-—diameter fiber assemblies for fine spatial res- 
olution applications to robust, quarterinch stainless steel configura- 
tions for process environments. Coating formulations are available 
for general lab use, high-sensitivity applications, and hydrocarbon- 
rich sample environments. The NeoFox Sport fluorescence-based 
optical oxygen system includes an onboard microprocessor with a 
low-power organic LED display, a user interface, and a battery pack. 
Ocean Optics 

For info: 727-733-2447 | www.OceanOptics.com 


MICROARRAY 

The HumanOmniExpress BeadChip is part of the Omni family of 
microarrays for genomewide association studies. Designed in a 
12-sample format, the OmniExpress allows interrogation of more 
than 700,000 variants per sample, for more than 8 million data points 
ona single chip. When used with the Illumina iscan System, Omni- 
Express allows processing of more than 1,400 samples per week. 
The markers on the OmniExpress incorporate an optimized set of 
single nucleotide polymorphisms chosen from all three phases of 
the International HapMap Project. 

Illumina 

For info: 858-882-6822 | www.illumina.com/OmniExpress 


PROTEIN A KIT AND IMMOBILIZATION STATION 

The Dip and Read Residual Protein A Detection Kit is for use on 
ForteBio’s Octet platform. The new assay enables drug developers to 
measure levels of Protein A quickly with minimal hands-on time. The 
kit consists of biosensors and all the reagents required to quantitate 
Protein A or biosimilars in the presence of human immunoglobulin 
G. Another addition to the Octet platform, the Sidekick Offline Bio- 
sensor Immobilization Station, enables offline loading of reagents 
on biosensors in tandem with any Octet instrument. The station pro- 
vides simultaneous and uniform sample loading on all 96 biosensors 
on a biosensor tray and shakes the samples while keeping the bio- 
sensors immobile, which decreases the incubation time by half. This 
process significantly increases the sensitivity of sandwich assays. 
Fortebio 

For info: 650-289-6800 | www.fortebio.com 
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